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ABSTRACT 


The  absorption  of  high  power  laser  radiation  by  the  atmosphere  is 
important  because  the  resultant  heating  of  the  air  causes  "thermal  lensing" 
and  nonlinear  distortion  of  the  beam.  The  effects  of  kinetics  manifest  them- 
selves in  the  form  of  transient,  unstead  / heating  at  the  beginning  of  the 
laser  pulse,  and  bleaching  at  high  intern  ities.  The  vibrational  and  rotation- 
al kinetics  of  the  absorption  of  DF  and  C > laser  radiation  have  been  studied 
and  are  described. 

CO  laser  radiation  is  absorbed  principally  by  H20  vapor  in  the  wings 
of  6.  3 jLtm  band.  DF  laser  radiation  is  absorbed  by  several  species,  includ- 
ing N2  (collision  induced  fundamental  band),  N20  (v  j overtone  and  v2  bands), 
COz  (v  3 band),  CH4  (v  4 overtone  and  v2  + V4  combination  bands),  H20  and 
HDO.  The  degree  of  absorption  by  the  latter  two  species  and  the  precise 
assignments  of  the  transitions  are  subject  to  some  disagreement  in  the  liter- 
ature, and  probably  introduce  the  greatest  uncertainty  in  the  results. 

Rotational  relaxation  is  found  to  be  fast,  and  bleaching  is  predicted 
only  at  intensities  of  the  order  of  10^  MW/cm^  and  above.  The  vibrational 
kinetics  have  been  studied  by  means  of  a detailed  numerical  model  for  a 
variety  of  atmospheric  conditions  at  sea  level.  The  rate  of  relaxation  of 
N20  by  HzO  (a  major  uncertainty  at  the  beginning  of  the  program)  has  been 
measured  by  a laser  fluorescence  technique.  The  results  for  CO  show  that 
although  thermal  lensing  is  important  for  laser  pulse  energies  above  about 
1 J/cm  , transient  effects  are  generally  limited  to  a few  microseconds  or 
less,  and  bleaching  is  not  important  at  intensities  below  10^  MW/cm2.  Like- 
wise, thermal  lensing  becomes  important  for  DF  at  laser  pulse  energies 
above  a few  joules  per  square  centimeter.  However,  bleaching  may  become 
important  for  some  lines  at  intensities  as  low  as  4 MW/cm2,  and  for  some 
other  lines  transient  effects  may  last  for  times  of  the  order  of  a millisecond. 
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I. 


INTRODUCTION 


As  a laser  beam  propagates  through  the  atmosphere,  a portion  of 
the  energy  of  the  beam  is  absorbed  by  the  molecules  in  its  path.  For  laser 
wavelengths  in  transparent  regions  of  the  atmosphere  the  total  energy  ab- 
sorbed is  only  a small  fraction  of  the  initial  beam  energy.  Nevertheless, 
the  effect  of  absorption  on  beam  propagation  may  be  serious  due  to  "thermal 
lensing"  effects.  That  is,  the  small  amount  of  absorbed  energy  ultimately 
appears  in  the  form  of  thermal  energy,  and  the  corresponding  temperature 
rise  causes  the  gas  to  expand,  reducing  its  index  of  refraction.  The  index 
of  refraction  gradients  thus  induced  in  the  gas  by  the  laser  beam  tend  to 
distort  and  defocus  the  beam  in  a nonlinear  fashion,  which  may  be  extremely 
serious  at  high  power  levels. 

The  description  of  thermal  lensing  and  the  resulting  effect  on  propa- 
gation is  an  extremely  complex  problem  involving  vibrational  (and  possibly 
rotational)  kinetics,  aerodynamics  and  optics.  The  propagation  of  CC>2 
(10.6/im)  laser  radiation,  including  all  the  above  effects,  has  been  studied 
theoretically  by  Wood,  Camac,  Gerry(U  and  Wallace  at  AERL  and  by  other 
workers  at  Lincoln  Laboratories,  Air  Force  Weapons  Laboratory  and  Naval 
Research  Laboratory.  (2)  Experimental  results  obtained  by  Gebhardt  and 
Smith(3)  are  generally  in  agreement  with  the  theoretical  predictions.  The 
results  of  these  studies  have  demonstrated  the  important  role  played  by 
vibrational  kinetics,  particularly  with  regard  to  absorption  by  CC>2  on  the 
inverse  laser  transition 

CO2(l00)+hv  -*  CO2(001).  (1) 

In  this  transition  the  asymmetric  stretch  level  (001)  is  heated  by  the  laser 
radiation.  This  energy  is  then  rapidly  transferred  to  N2  (v=l)  where  it  is 
"stored"  for  a relatively  long  time,  due  to  the  slow  relaxation  of  N2.  At 
the  same  time,  the  symmetric  stretch  made  is  cooled  by  the  transition. 

Since  this  mode  relaxes  very  rapidly  via  the  bending  modes,  the  initial  re- 
sult is  to  cool  the  gas,  with  heating  taking  place  only  on  the  much  longer 
time  scale  corresponding  to  N2  vibrational  relaxation.  Thus,  the  vibra- 
tional kinetics  play  a dramatic  role,  reversing  the  sign  of  the  thermal  lensing. 

The  objective  of  the  present  program  has  been  to  examine  the  effects 
of  vibrational  and  rotational  relaxation  on  the  absorption  of  DF  (3.  5 gi)  and 
CO  (5jj.)  radiation  by  the  atmosphere.  At  the  beginning  of  the  program,  much 
was  already  known  about  the  absorption  of  CO  radiation  by  H2O  (the  major 
atmospheric  absorber),  and  the  vibrational  kinetics  of  H2O  in  N2/O2  (air) 
were  fairly  well  understood.  Thus,  it  has  been  sufficient  just  to  make  a 
critical  evaluation  of  the  available  data  and  to  apply  this  knowledge  to  the 
atmospheric  absorption  problem.  Similarly,  much  was  known  about  the 
absorption  of  DF  radiation  by  the  atmosphere,  enough  to  establish  that  the 


most  important  absorbers  are  N2  (pressure  induced  vibrational  band),  CC>2 
(V3),  H^O  ( V2 ).  ^2*0  ( vq  and  v^),  CH4  (v<2  and  1*4)  and  HDO  (v^).  However, 
some  important  gaps  were  found  in  the  available  data  regarding  the  vibra- 
tional relaxation  of  this  complex  system.  In  particular,  the  relaxation  of 
N^O  ( v'2 ) by  H2O  was  expected  fo  be  fast  because  of  the  similarity  of  N2O  to 
CC>2,  making  this  a very  important  process.  Since  no  data  were  available, 
an  experiment  was  undertaken  to  measure  the  rate  of  this  process,  as  de- 
scribed below,  and  the  results  confirmed  the  expectation. 

The  remaining  sections  describe  the  results  obtained  under  the  pro- 
gram. Section  II  summarizes  the  atmospheric  absorption  coefficients  used 
in  this  work.  These  are  based  on  a critical  evaluation  of  the  available  data 
regarding  atmospheric  constituents,  molecular  absorption  cross  sections, 
line  shapes  and  laser  wavelengths.  Section  III  presents  a discussion  of  the 
important  rotational  and  vibrational  relaxation  processes  and  a critical 
evaluation  of  the  available  data.  Section  III  also  desciibes  the  mathematical 
model  used  to  calculate  the  relaxation  of  the  vibrational  degrees  of  freedom 
in  response  to  a laser  pulse  of  arbitrary  wavelength  distribution,  intensity 
and  duration.  Section  IV  describes  the  experiment  which  was  carried  out 
to  measure  the  rate  of  relaxation  of  N2O  by  atmospheric  species.  Section  V 
describes  the  calculations  which  were  carried  out,  using  the  vibrational 
relaxation  model,  to  investigate  the  thermal  response  of  the  atmosphere  to 
high  intensity  lase.  pulses.  Due  to  the  large  number  of  absorbing  species 
and  the  complicated  mechanisms  by  which  they  relax,  the  calculations  are 
rather  complex.  Thus,  it  has  been  found  useful  to  summarize  the  results 
in  terms  of  global  parameters,  such  as  the  bleaching  flux  and  relaxation 
time,  which  may  be  used  to  characterize  the  thermal  response  of  the  atmo- 
sphere under  various  conditions.  Finally,  in  Section  VI,  the  results  are 
summarized  and  their  implications  for  laser  propagation  are  discussed. 
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II. 


SPECTROSCOPY 


A.  SELECTION  OF  DF  LASER  TRANSITIONS 

In  a DF  chemical  laser  the  DF  molecules  are  formed  by  chemical 
reaction  in  high  vibrational  and  rotational  states.  As  they  lase  and  relax 
by  ccllisional  processes  they  cascade  down  to  lower,  thermally  populated 
levels.  Thus,  in  pulsed  DF  lasers  the  various  transitions  do  not  all  lase 
simultaneously.  Rather,  the  higher  vibrational  levels  tend  to  lase  first 
with  lower  levels  appearing  later  in  the  pulse.  Even  in  continuous  wave 
(CVV)  lasers  the  relative  strength  of  the  various  lines  is  a complex  function 
of  the  chemical  and  relaxation  processes  occurring  in  the  laser.  The 
various  DF  lines  are  absorbed  by  different  species  with  widely  varying  ab- 
sorption cross  sections.  Therefore,  it  may  be  found  desirable  to  suppress 
certain  transitions,  even  though  they  may  be  strong  laser  lines,  if  they  are 
strongly  absorbed  and  adversely  affect  the  propagation  of  other  lines.  How- 
ever, this  may  be  difficult  to  accomplish  in  DF  lasers  due  to  their  intrinsic 
high  gain  and  the  complex  nature  of  the  processes  controlling  the  relative 
strength  of  the  \arious  lines. 

The  eight  DF  laser  transitions  shown  in  Table  I were  chosen  from 
the  experimental  work  on  pulsed  DF  lasers  of  Deutsch^)  and  Basov,  et  al.^ 
Reference  4,  which  contains  the  most  accurate  experimental  measurements 
of  line  position  (+_  0.  08  cm'l),  was  used  to  determine  the  transition  fre- 
quency, and  the  relative  energy  data  of  Ref.  5 were  used  to  select  lines  of 
strong  output  in  pulsed  lasers.  Care  was  employed  to  ensure  that  all  known 
atmospheric  absorbers  were  included  for  these  lines. 

TABLE  I 

PULSED  DF  LASER  TRANSITIONS 


Laser  Line 
Identification 

Laser  Frequency 
(cm-  1 ) 

Relative 

Energy 

2P  (8) 

2631. 09 

2.  37 

2P  (9) 

2605. 87 

2.  68 

2P  (10) 

2580.  16 

4.  24 

2P  (11) 

2553.  97 

3.  46 

3P  (8) 

2546.  37 

2.  74 

3P  (9) 

2521. 81 

5.  38 

3P  (10) 

2496.  61 

3.  35 

3P  (11) 

2471 . 34 

2.  26 

Energy  of  IP  (10)  transition  is  taken  as  1. 
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B.  SELECTION  OF  ATMOSPHERIC  ABSORBERS  AND  ABSORPTION 
COEFFICIENTS  FOR  OF  LASER  LINES 


The  atmospheric  absorbers  of  importance  at  DF  laser  wavelengths 
are  N£,  N2O,  CII4,  H9O,  HDO  and  CO£  This  is  confirmed  by  both  absorp- 
tion cell  expe  r iments(o)  and  theoretical  calculations  based  on  experimental 
data.  (7)  McClatchey,  et  al.  , at  Air  Force  Cambridge  Research  Labora- 
tory (AFCRF)  have  compiled  the  molecular  spectroscopic  parameters  for  a 
number  of  infrared-active  molecules  (including  those  listed  above)  which 
occur  naturally  in  the  terrectrial  atmosphere.  Parameters  included  in  the 
compilation  for  each  absorption  line  are:  frequency,  intensity,  half-width, 
energy  of  the  lower  state  of  the  transition,  vibrational  and  rotational  identi- 
fications of  the  upper  and  lower  energy  states,  an  isotopic  identification, 
and  a molecule  identification.  We  have  written  a code  which  sorts  the 
AFCRL  data  according  to  absorbing  molecules  and  vibrational  transition 
over  a given  frequency  interval  and  calculates  the  absorption  cross  section 
for  the  absorbing  molecule  at  the  laser  frequency  of  interest. 

The  absorption  cross  sections  are  calculated  from  the  integrated 
absorption  coefficient  assuming  a Lorentz  line  shape  using  the  relation: 


S A v 

2 

7 r ( v + Av 


(2) 


where  o is  the  cross  section  in  cm^/particle,  S (the  integrated  absorption 
cross  section  cm” 1 /pa  rticle  - cm  " 2)  = f a (v)  dv,  Av  is  the  half-width  in 
cm'l  and  (v  - v0)  is  the  difference  in  wave  number  between  the  laser  line 
frequency  and  the  center  of  the  absorbing  line.  The  computed  cross 

sections  are  in  excellent  agreement  with  the  absorption  cell  measurements 
in  Ref.  6 for  all  the  laser  transitions  considered.  For  CH4  the  agreement 
between  these  cross  sections  and  the  absorption  cell  measurements  of 
Ref.  6 are  not  as  good.  For  the  calculations  discussed  in  Section  V,  we 
have  used  the  cross  sections  computed  from  the  AFCRL  data,  which  aver- 
age about  a factor  of  3 to  4 lower  than  the  absorption  cell  measurements. 
The  effects  of  any  errors  thus  introduced  on  the  calculated  atmospheric 
temperature  rise  are  small,  because  in  no  case  CH4  the  major  absorber. 
This  procedure  gives  too  high  a value  for  CC^,  since  CO2  is  known  to  be 
sub- Lorentzian  far  from  line  center.  Reference  9 reports  measurements 
of  CO2  absorption  both  in  pure  CO2  and  in  mixtures  of  CO2  with  N2  and  O2. 
The  absorption  due  to  the  wings  of  the  strong  lines  in  the  v3  band  centered 
at  2349  cm~l  is  mucii  less  than  that  calculated  with  the  Lorentz  shape.  The 
data  in  N2  and  C>2  have  been(9)  fit  with  the  following  equation,  which  retains 
the  Lorentz  pressure  dependence  but  requires  a nearly  exponential  modifi- 
cation of  the  frequency  dependence: 


S 

a = — 


-0.  46  ( \v  - v \ - 5) 


0.  46 


7T  ( V - V + Av^ 

o 


(3) 
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' se  ol  this  relation  gives  values  for  CC>2  absorption  cross  sections  at  the 
DF  laser  frequencies  of  interest,  which  are  lower  than  those  of  Ref.  6. 
Therefore,  for  CO2,  where  the  absorption  is  due  to  lines  of  the  4.  3pm 
band  (hundreds  of  wave  numbers  removed  from  the  laser  frequency)  we 
have  used  the  experimental  results  of  Ref.  6.  These  fall  between  the 
values  calculated  from  the  AFCRL  data  using  a Lorentz  line  shape  and  the 
experimental  line  shape  fit  to  C02  absorption  data. 


The  absorption  due  to  water  vapor  is  sometimes  arbitrarily  divided 
into  the  contribution  due  to  lines  whose  centers  lie  near  the  wavelength  of 
interest  (within  a few  cm  ^ ) and  that  due  to  the  far  wings  of  distant  lines. 

The  latter  contribution  varies  slowly  with  wavelength,  and  is  referred  to  as 
the  water  vapor  continuum.  Measurements  of  this  "continuum"  absorption, 
which  may  be  induced  by  self-colLsions  as  well  as  by  collisions  with  N-,  and 
other  gases,  are  difficult,  and  the  data  are  not  complete.  (10)  However,  the 
"continuum"  absorption  calculated  using  the  Lorentz  line  shape,  Eq.  (2),  is 
in  fair  agreement  with  the  observed  value  at  2400  cm’^  at  'he  experimental 
temperature  of  65  C.(10)  jn  fact,  the  calculated  value  is  about  a factor  of 
two  larger  than  the  observed  value,  so  that  it  is  not  necessary  to  account 
for  any  further  contribution  to  the  "continuum"  absorption.  Due  to  the  lack 
of  experimental  measurements  for  conditions  appropriate  to  this  report,  the 
calculations  described  in  Section  V use  the  theor.-tical  value  for  the  total 
absorption  by  water  vapor  due  to  both  nearby  anc  distant  lines,  based  on 
Eq.  (2)  and  the  data  compiled  by  McClatchey,  et  al.  (8)  For  water  vapor 
the  situation  is  further  complicated  by  the  fact  that  both  H2O  and  HDO  are 
absorbers,  with  HDO  such  a strong  absorber  that  it  is  significant  even  in 
its  natural  isotopic  abundance  of  300  ppm  of  H2O.  The  calculated  cross 
sections  for  H2O  and  HDO  obtained  from  the  AFCRL  data  and  the  experi- 
mental results  of  Ref.  6 are  in  sharp  disagreement  for  individual  laser  lines. 
Because  the  experimental  absorption  cross  sections  were  obtained  by  sub- 
tracting the  very  large  absorption  due  to  D^O  from  the  measured  absorption, 
we  have  rather  arbitrar’ly  assumed  the  error  to  be  in  the  experiment  and 
have  chosen  to  use  the  values  calculated  from  the  AFCRL  data  which  for 
H20  are  in  agreement  with  data  of  Bates . ( 1 1 ) It  turns  out  that  when  the 
laser  power  is  evenly  distributed  over  all  the  laser  lines  with  equal  powers, 
either  set  of  cross-section  values  gives  about  the  same  temperature  rise. 
This  is  because  the  sum  over  all  lines  of  the  absorption  cross  sections  for 
HDO  + H20  happens  to  be  about  the  same  for  both  the  AFCRL  and  Ref.  6 
cases.  It  should  be  noted,  however,  that  for  individual  laser  lines  the 
values  are  very  different  and  that  any  calculations  of  the  temperature  rise 
due  to  II2O  + HDO  which  use  less  than  all  of  ihe  eight  laser  lines  of  Table  I 
or  employ  different  power  levels  on  the  lines  may  be  sensitive  to  which  set 
of  cross-section  values  is  chosen. 

The  final  contribution  to  atmospheric  absorption  of  DF  laser  radia- 
tion comes  from  the  c jllis  ion  - induced  vibrational  band  of  N2.  Since  it  is 
centered  around  the  TJ2  fundamental  frequency  at  2331  cm-1,  this  band  is 
important  only  for  tie  longest  wavelength  DF  lines.  The  effective  absorp- 
tion cross  section  for  this  band  in  pure  N2  scales  with  the  density.  (10.  12) 

The  temperature  dependence  has  not  been  accurately  determined  beyond 
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about  3.  9 pm,  but  apparently  is  small.  (10)  Because  of  the  similar  behav- 
ior of  N2  and  O2  on  the  collision-induced  vibrational  band  of  O2,  ^ the 
elfect  of  O2  on  the  collision-induced  band  of  N2  is  assumed  to  be  the  same 
as  that  of  N2  itself.  Thus,  the  effective  cross  section  is  given  by  the  ex- 
pression 


a = p. 


a (X)  , 


where  pto t is  the  total  (essentially  N2  + O2)  density  and  a is  a function 
only  of  the  wavelength  A. 

The  absorption  cross  sections  of  the  various  absorbers  are  sum- 
marized in  Table  II  for  a total  pressure  of  one  atmosphere  and  a tempera 
ture  of  300°K. 


C.  SELECTION  OF  CO  LASER  LINES 

In  contrast  to  DF  chemical  lasers,  the  CO  molecules  in  electric  CO 
lasers  are  first  excited  to  relatively  low  vibrational  levels  by  the  discharge. 
They  are  then  pumped  to  rather  high  vibrational  levels  by  inte rmolecular 
V-V  transfer  processes.  Due  to  anharmonic  effects  the  vibrational  distribu- 
tion function  is  generally  strongly  distorted  from  a Boltzmann  distribution 
in  a manner  which  favors  the  higher  vibrational  levels.  As  a result,  the 
highest  gain  is  usually  observed  in  relatively  high  .evels  (typically  7 < v < 15). 
Recently,  lasing  has  been  observed  on  the  lower  levels  (down  to  the  1-0 
transition)  in  high  gain  - low  loss  systems. 

As  we  shall  see,  the  higher  vibrational  levels,  which  emit  at  longer 
wavelengths,  are  more  strongly  absorbed  by  the  H2O  (v2)  6.  3-pm  band. 

In  addition,  the  kinetics  of  the  lower  levels  take  place  more  rapidly,  offer- 
ing the  possibility  of  greater  specific  power.  For  these  reasons  it  may  be 
desirable  to  suppress  lasing  on  the  high  vibrational  levels  (with  a grating  or 
passive  H2O  absorber,  for  example)  and  force  lasing  on  the  low  vibrational 
levels . 

To  assess  the  relative  advantages  of  low  and  high  vibrational  levels 
it  is  necessary  to  consider  a wide  range  of  transitions.  The  positions  of 
the  CO  laser  lines  used  in  calculating  the  results  presented  here  are  given 
in  Table  III.  The  wavenumber  positions  for  CO,  listed  in  this  table,  were 
calculated  from  spectroscopic  constants  given  by  Mantz.O^,  14)  These 
should  be  good  to  0.  01  cm"^.  The  wavenumbers  agree  well  with  those 
used  by  Long^  5)  ?.nd  McClatchey.  O 6) 

D.  SELECTION  OF  CO  ATMOSPHERIC  ABSORBERS  AND  ABSORPTION 
COEFFICIENTS 

Survey  calculations  have  been  made  of  absorption  of  CO  laser  lines 
by  H2O,  CO2,  O3,  N2O  and  CH4.  Compared  with  H2O,  the  absorption  by 
O3  N2O  and  CH4  is  negligible.  The  absorption  of  the  6P(9)  CO  line  at 
1977.  28  cm'l  by  CO2  is  also  negligible.  For  the  2P(9)  CO  line  at 


Laser  Line 


v 

(c.H'l) 


2P(8) 

2085.  343 

2P(9) 

2081. 285 

2P(15) 

2056. 047 

3P(  1 0 ) 

2051.  075 

3P(  1 5 ) 

2030.  158 

3 P(  1 6) 

2025.  875 

4P(8 ) 

2033.  143 

4P(9) 

2029.  128 

4P(  1 5) 

2004. 337 

5P(9) 

2003.  167 

6P(9) 

1977. 277 

6P(1  0) 

197  3.  299 

f 


2081. 26  cm'l,  the  CO2  absorption  is  down  from  that  due  to  HoO  by  a factor 
of  6.  The  sub-Lorentz  CO2  line  contour  of  Winters,  et  al.  , (9)  was  used. 

In  the  remainder  of  this  work  we  concern  outselves  only  with  absorption  by 

h2o. 


Extensive  calculations  of  absorption  of  CO  laser  radiation  by  atmo- 
spheric H20  have  been  made  by  McClatchey . (1  1?)  However,  this  work 

has  two  limitations.  First,  the  Lorentz  contour,  Eq.  (2)  was  used  lor  the 
H20  spectral  absorption  coefficient.  The  experiments  of  Long,  et  al.  , (l1') 
show  that  the  absorption  of  CO  laser  lines  in  the  wings  of  H20  lines  is  typi- 
cally 40-percent  greater  than  given  by  Eq.  (2).  To  fit  their  data  they  as- 
sume that  the  absorption  coefficient  follows  the  lorentz  contour  for 
| v - vQ  | — vm,  but  that  outside  this  range  it  is  given  by 

S (v  )2  Av 

/ \ m 

a v “ r 2 21 

* [vm]  + Ay  ] \v  - vol 

Equations  (2)  and  (4)  agree  at  |v  - v0  I = vm.  The  best  fit  was  obtained 
using  vm  = 3 A v and  m = 1.77. 

McClatchey^  and  Long(l^)  consider  absorption  by  H20  lines  whose 
centers  lie  within  20  or  25  cm'*,  respectively,  of  the  CO  laser  line.  This 
amounts  to  a cutoff;  a(v)  =0,  v > vmax  or  v < vmjn.  However,  we  find  by 
allowing  vmin  = - 350  cm'*,  that  in  some  cases  half  the  absorption  is 

due  to  lines  150  cm"*  distant.  The  true  contour  in  the  far  wings  of  F20 
lines  cannot  be  determined  from  the  available  data.  Unfortunately,  H20 
does  not  form  sharp  band  heads  as  does  C02,  whose  far  wing  line  profile 
may  be  determined  more  reliably.  We  consider  the  extrapolation  of  Eq.  (5) 
to  be  less  arbitrary  than  cutting  it  off.  Using  the  extended  line  profile  we 
find  that  Long's  data  may  be  fitted  using  vm  = 3 A v and  m ~ 1. 88.  Values 
of  m for  va rious  individual  lines  ranged  from  1.85  to  1.91. 

In  mixtures  of  water  vapor  and  air,  the  H20  half-width  is  given  by 

= aQPt[  1 + (B-U  y].  (6) 

where  aQ  is  the  half-width  per  atmosphere  of  air,  pt  is  the  total  pressure 
in  atmospheres,  \ is  mole  fraction  of  H2O  in  the  mixture  and  B is  the 
self-broadening  coefficient.  Long,  et  al.,(l1’)  find  B = 8 to  27.  We  use  the 
value  B = 5 from  Ref.  18.  The  difference  is  insignificant  because  \ <0.01 
in  cases  of  interest. 

Our  results  are  presented  in  Table  IV.  Equation  (4)  was  used  with 
vm  = 3 A v and  m = 1.88.  The  cutoffs  we  re  vm^n  = vD  - 350  cm'*  and 
vmax  = + 50  cm'*,  Absorption  at  larger  wavenumbers,  farther  away 

from  the  center  of  the  6.  3-jum  H20  band  is  negligible.  The  absorption  co- 
efficients are  larger  than  those  scaled  from  McClatchey's  calculations^  * 6) 
for  PH2O  = Torr  (mid -latitude  winter  case),  due  to  the  use  of  the 


v - v 


m 


(5) 
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TABLE  IV 

ABSORPTION  CROSS  SECTIONS  FOR 
CO  LASER  RADIATION  BY  HzO  IN  AIR 

(Pressure  = 1 atm;  Temperature  = 300°K) 


Lase  r 
T ransition 

o 

(cm2) 

(cm2) 

G 2 
(cm  ) 

Present 

Ref.  19 

Ref.  17 

2P(8) 

-24 

4.7x10 

-24 

6.  5 x 10 

_ _ _ 

2P(9) 

-24 

4.2x10 

-24 

6.  2 x 10 

— 

2P(  1 5) 

-24 

5.1x10 

— 

— 

3P(  10) 

-24 

9.0x10 

-23 

1.1x10 

_ _ _ 

3 P(  15) 

-24 

7.0x10 

— 

— 

3P(  1 6) 

-23 

2.4  x 10 

— 

— 

4P(8) 

- 24 

7.  0 x 10 

-24 

8. 7 x 10 

_ _ _ 

4P(9) 

-24 

7.2x10 

-24 

9.  3 x 10 

— 

4P(  1 5) 

-23 

1.1x10 

— 

-24 

2.  5 x 10 

5P(9) 

-23 

1.3x10 

-23 

1.  5 x 10 

- 24 

3.  8 x 10 

6P(  9 ) 

- 23 

1.5x10 

-23 

2.  0 x 10 

_ _ _ 

6P(1 0) 

- 23 

1.7x10 

-23 

2.  1 x 10 

- 24 

4.  0 x 10 

'super-Lorentz"  profile  and  its  extension  farther  into  the  wings  of  the  H2° 
lines.  There  are  no  Ohio  Stated5)  experimental  or  theoretical  results  for 
many  of  these  lines.  Their  work  has  generally  been  on  lines  at  smaller 
wavenumbers  (higher  CO  vibrational  levels)  located  nearer  the  center  of  the 
6.  3-um  band  of  1120,  for  which  the  attenuation  coexficients  are  typically 

larger. 


Table  IV  shows  the  cross  sections  we  have  used  for  water  vapor 
based  on  the  above  discussion.  They  are  in  good  agreement  with  the  results 
of  Harris  and  Glowacki.  ( 1 9) 


Ill 


KINETICS  OF  ABSORPTION  OF  DF  AND  CO  LASER  RADIATION 


The  absorption  of  DF  laser  radiation  is  complicated  by  the  number 
of  atmospheric  species  which  absorb  this  radiation  and  by  the  fact  that  the 
upper  level  of  the  absorbing  transition  is  requently  a high-lying  vibra- 
tional level,  as  in  NzO  and  CH4.  Thus,  to  describe  the  absorption  kinetics 
it  is  necessary  to  include  a large  number  of  levels.  A complete  diagram 
of  all  the  important  vibrational  levels  of  the  atmospheric  species  important 
for  DF  and  CO  absorption  kinetics  is  shown  in  Fig.  1.  It  is  important  to 
keep  in  mind  that  each  vibrational  level  shown  actually  consists  of  a mani- 
fold of  vibration-rotation  states. 

A.  ROTATIONAL  RELAXATION 

Because  of  the  large  number  of  levels,  it  is  necessary  to  make  ap- 
proximations in  which  groups  of  levels  are  lumped  together  and  treated  as 
a single  level.  To  begin  with,  it  will  be  assumed  that  all  the  rotational 
levels  belonging  to  a given  vibrational  level  remain  in  equilibrium  with  one 
another  at  the  translational  temperature  T.  This  assumption  will  be  valid 
if  the  rotational  relaxation  time  r R is  short  compared  with  the  time  for  a 
radiatively  induced  transition,  that  is,  if 

$ a t n « l . (7 ) 

v v K 

where  $ v is  the  flux  of  laser  photons,  and  av  is  the  absorption  cross  sec- 
tion. Both  the  rotational  relaxation  time  and  the  absorption  cross  section 
depend  upon  the  pressure  through  the  molecular  collision  frequev.cy  vc> 
Thus,  the  adequacy  of  assumption  (7)  will  depend  on  the  pressure.  For  a 
purely  Lorentz  broadened  line,  the  cross  section  at  the  frequency  v is 
given  by  Eq.  (2).  The  line  half-width  Av  is  proportional  to  the  pressure 
and  may  be  represented  by  the  relation 

Av  = op, 


where  p is  the  pressure. 

The  rotational  relaxation  time  ’D  more  difficult  to  quantify  precisely. 
Since  rotational  relaxation  involves  a great  many  levels,  it  is  inevitably  a 
complex  process.  For  example,  an  extremely  short  laser  pulse  (shorter 
than  the  time  between  molecular  collisions)  will  affect  only  moLecules  in 
specific  quantum  states.  The  population  of  the  perturbed  states  will  then 
relax  by  reorientation  of  the  remaining  molecules  having  the  same  total 
angular  momentum  and  by  tiansitions  from  nearby  rotatio  lal  energy  levels. 
The  appropriate  relaxation  time  for  this  case  corresponds  to  the  gain  relaxa 
tion  time  measured  following  a Q-switched  laser  pulse.'  Longer  laser 
pulses  will  perturb  the  populations  of  all  the  rotational  levels  around  the 
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le  'el  from  which  the  transition  originates;  in  this  case  the  time  for  the  sys- 
tem to  relax  to  equilibrium  will  be  considerably  longer.  Moreover,  experi- 
mental evidence  indicates  that  the  thermally  averaged  relaxation  time 
(measured  acoustically)  may  correspond  to  as  small  as  a few  collisions  or 
as  large  as  30  collisions  or  more  (for  rotationally  light  molecules,  such  as 
HC1,  at  elevated  temperatures).  (21)  Moreover,  it  ha=>  been  found  both 
theoretically  and  expe r imentaLy  that  for  molecules  in  high  rotational  levels 
the  rotational  relaxation  time  increases  exponentially  with  rotational  energy, (^^1 

Io  examine  me  importance  of  rotational  relaxation  it  is  convenient  to 
express  the  relaxation  time  in  the  form 


P TR  P’ 


(8) 


where  P is  independent  of  pressure.  Equation  (7)  may  then  be  expressed 

a P S 


$ r _ $ 
v v K v 


n (v  - vq)^  1 (a  p)^ 


« 1. 


(9) 


When  the  laser  lies  in  the  wing  of  the  absorber  (|v  - v | /a  p » 1)  we  obtain 
the  inequality  ° 


$ 

v 


« 


n(v  - v ) 
o 


2 


ctpS 


(10) 


The  right-hand  side  is  a function  only  of  the  laser  frequency  and  the  absorb- 
ing level  and  is  independent  of  the  pressure.  The  limiting  fluxes  for  the 
most  important  DF  laser  lines,  calculated  using  this  expression,  are  sum- 
marized in  Table  V.  At  sufficiently  high  pressures  (ap/  |v  - vQ  | » 1)  the 
laser  line  will  lie  within  the  Lorentz  width  of  the  absorber.  The  limiting 
flux  will  then  increase  as  p^.  At  sufficiently  low  pressures,  of  course, 
the  line  will  become  Doppler  broadened  and  the  cross  section  ov  will  be  in- 
dependent of  pressure.  The  limiting  flux  3>v  at  which  rotational  relaxation 
becomes  important  will  then  be  proportional  to  the  pressure;  at  a sufficiently 
low  pressure  rotational  relaxation  will  always  become  important.  However, 
as  shown  in  Table  V,  this  occurs  only  at  very  low  pressures  (<  0.  01  atrn). 

When  rotational  relaxation  becomes  important  the  atmosphere  will 
begin  to  "bleach  that  is,  molecules  will  be  removed  from  the  absorbing 
level  and  deposited  in  the  upper  level  faster  than  they  can  be  relaxed  by 
collisions  and  the  atmosphere  will  Become  transparent.  Thus,  by  ignorine 
rotational  relaxation  we  place  an  upper  bound  on  the  extent  of  absorption. 

The  results  shown  in  Table  V indicate  that  rotational  bleaching  should  not 
be  important  for  DF  laser  intensity  levels  below  1 0 1 0 W/cm^.  Although  a 
few  isolated  lines  may  be  bleached  at  this  power  level,  their  contribution 
to  the  total  absorption  on  the  vibrational  bands  to  which  they  belong  will  not 
be  significant.  Because  of  the  high  rotational  bleaching  fluxes  calculated 
for  DF  absorption  and  limitations  of  time,  similar  calculations  were  not 
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TABLE  \ 

DF  LASER  INTENSITY  AT  WHICH  ROTATIONAL 
RELAXATION  BECOMES  IMPORTANT 


DF  Laser 
T ransition 


Absorbing 

Species 

Relaxation 
T ime 

(collisions) 

Laser 
Intensity 
( W/cm^) 

Pressure 
Range 
(atm ) 

CH. 

4 

10 

Q 

8 x 107 

0.01  <p<0.2 

n2o 

2 

9 

4 x 107 

0 < p < 1 

N2° 

2 

IxlO10 

0 < p < 3 

n2o 

2 

1 x 109 

0.  02  < p < 0.  04 

NOTES: 

At  lower  pressures  the  absorbing  lines  become  Doppler  broadened,  and  the 
intens’ty  at  which  rotational  relaxation  becomes  important  decreases  lin- 
early with  the  pressure.  At  higher  pressures  the  laser  line  falls  within  the 
Lorentz  width  of  the  absorbing  line  and  the  intensity  at  which  rotationa1  re- 
laxation becomes  important  increases  as  the  square  of  the  pressure. 

Laser  transitions  and  absorbing  species  not  indicated  in  the  above  table 
show  no  rotational  relaxation  effects  at  laser  intensities  below  10^0  W/cm^ 
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performed  for  CO  absorption.  It  should  be  emphasized,  however,  that  the 
DF  results  cannot  be  simply  extrapolated  to  all  IR  lasers.  AH  the  impor- 
tant absorbers  tor  DF  radiation  have  rather  small  absorption  cross  sections 
because  either  the  absorbing  bands  correspond  to  vibrational  overtones  (as 
in  the  case  of  N2O  and  CH4),  or  the  laser  line  lies  in  the  far  wings  of  the 
absorbing  line  (as  in  CO2),  or  the  rotational  structure  of  the  band  reduces 
the  contribution  of  individual  lines  (as  in  HDO  and  H2O).  For  laser  lines 
overlapped  by  strong  absorbing  lines,  rotational  relaxation  may  become 
important. 

B.  VIBRATIONAL  RELAXATION 

Even  if  rotational  equilibrium  is  assumed,  there  remain  a great 
many  vibrational  levels  of  importance  for  the  absorption  kinetics,  as  indi- 
cated in  Fig.  1.  Although  it  is  not  difficult  to  handle  this  number  of  levels 
on  the  computer,  it  is  appropriate  to  make  some  further  simplifications 
since  there  do  not  exist  enough  kinetic  rate  data  to  enable  one  to  describe 
the  system  in  complete  detail.  The  kinetics  of  the  important  atmospheric 
absorbers  are  discussed  in  tlv;  following  sections. 

1 • Kinetics  of  Absorption  of  DF  Laser  Radiation  by  N? 

DF  laser  radiation  is  absorbed  by  N2  on  the  collision- induced  vibra- 
tional continuum  band  centered  around  4.  3/j.m: 

N2(v  = 0)  + hv  + M - N2(v  = 1 ) + M + AE.  (11) 

The  excess  energy  AE  = hv  - Evib  - 250  cm'1  appears  immediately  as 
translational  and  rotational  heating  of  the  N2  and  NI  molecules. 

The  relaxation  of  N2(v  = 1 ) by  the  dominant  atmospheric  species  (N2, 
G2>  H20)  has  been  extensively  studied  as  a result  of  interest  in  the  CO2  - 
N’2  laser.  (23)  T-V  deactivation  of  N2(v  = 1)  by  N2  and  O2  and  V-V  transfer 
to  O2  are  extremely  slow.  The  most  important  relaxation  path  is  provided 
by  H2O.  It  has  not  been  established  directly  whether  the  quenching  of  N2 
by  H2O  proceeds  by  a T-V  (or  vibration -to- rotation ) process,  or  by  V-V 
transfer  to  the  vZ  mode  of  K20, 

N2(v  = 1)  + H20(000)  - N2(v  = 0)  + H2O(010)  + 735  cm'1.  (12) 

However,  the  subsequent  relaxation  of  H2O(01  0)  is  so  fast  that  for  practical 
purposes  it  does  not  matter. 

These  processes  are  summarized  in  Fig.  2.  The  time  scales  for 
the  various  processes  in  this  and  the  following  sections  are  based  on  an 
atmosphere  composed  of 
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N2  (2  x 1019  molecules/cm^), 

(5  x 10^  molecules/cm^), 

H^O  (3  x 1017  molecules/cm^), 

at  a temperature  of  >00  K.  The  amount  of  energy  which  appears  as 
thermal  (translational  + rotational)  energy  at  each  step  is  also  indicated. 

We  see  that  under  the  above  conditions,  absorption  on  the  N2  continuum 
band  results  in  a small  amount  of  essentially  instantaneous  heating  followed 
by  slow  heating  on  the  No  relaxation  time  scale,  which  is  on  the  order  of 
8 x 10*4  s< 

2.  Kinetics  of  Absorption  of  DF  Laser  Radiation  by  CO? 

DF  laser  radiation  is  absorbed  by  CO2  on  the  V3  fundamental  band 
centered  at  4.  3^m: 


C02(000)  + hv  - CO2(001)  + AE.  (13) 

The  absorption  takes  place  principally  in  the  far  wings  of  the  lines  corre- 
sponding to  low,  thermally  populated,  rotational  levels.  Thus  most  of  the 
excess  energy  AE  (-250  cm'l)  appears  instantaneously  as  translational 
energy  of  the  CO2  and  collisional  broadening  molecules. 

The  relaxation  of  CO2(001)  by  the  dominant  atmospheric  species  (N2, 

02.  H2°)  been  extensively  studied  as  a result  of  interest  in  the  CO2  - 

laser.  Relaxation  takes  place  principally  via  intermolecular  V-V 

transfer  to  N2. 

CO2(001)  + N2(v  = 0)  - C02(000)  + N2(v  = 1)  - 18  cm'1.  (14) 

The  subsequent  relaxation  of  N2(v  = 1 ) is  described  above. 

These  processes  are  summarized  in  Fig.  3,  where  the  relaxation 
times  correspond  to  the  same  atmospheric  conditions  as  in  Fig.  2.  Aside 
from  the  small  amount  of  heat  released  by  the  absorption  process,  the  over- 
whelming effect  of  absorption  by  C02  is  to  heat  the  gas  on  a slow  time  scale 
(-IO-3  s)  corresponding  to  the  relaxation  of  the  N2(v  = 1)  level. 

3.  Kinetics  of  Absorption  of  CO  and  DF  Laser  Radiation  by  H7O 

CO  laser  radiation  is  absorbed  by  H-?0  on  the  vo  fundamental  tran- 
sition, 


H20(000)  + hv  - H2O(010)  + AE. 


(15) 
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i he  excess  energy  (AE  - 400  cm-'-)  appears  as  translational  and  rotational 
energy  of  the  H20  molecule,  and  is  assumed  to  be  thermalized  instantly. 

The  absorption  of  DF  radiation  by  H2O,  while  somewhat  controver- 
sial, as  mentioned  above,  is  alleged  to  occur  on  the  same  vibrational  tran- 
sition. The  relatively  large  excess  energy  (AE  ~ 900  cm-1  for  DF  lasers) 
appears  as  translational  and  rotational  energy  of  the  H20  molecule,  and  is 
presumed  to  be  th‘  rmalized  instantaneously. 

The  relaxation  of  the  H20  (v2>  mode  has  been  studied  experimentally 
for  a long  time,  and  while  considerable  uncertainty  remains  for  some  of  the 
important  rates,  a broad  understanding  is  pos sible . ( 23 ) The  most  important 
processes  for  the  relaxation  of  H20  ( v 2 ) are  near  resonant  V-V  transfer  to 
°2’ 

H2O(010)  + Oz(v  = 0)  - H20(000)  + Oz(v  = 1)  + 38  cm"1,  (16) 

and  T -V  quenching, 


H2O(010)  + M - H20(000)  + M + 1595  cm"1, 


(17) 


where  M = N2,  02  and  (most  importantly)  H20  itself.  There  is  consider- 
able scatter  in  the  data  on  the  T-V  quenching  of  H2O  (v  2)  by  H20,  but  the 
rate  is  apparently  quite  fast,  on  the  order  of  (2  x 1 0 - 1 2 ) - (5  x 10-11)  cm3/s 
(about  10  to  100  collisions).  The  most  recent  data  favor  the  fastest  rate. 
The  data  on  V-V  transfer  to  02  (reaction  ( l 6 ) ) are  somewhat  confused  due 
to  apparent  errors  in  most  of  the  papers.  The  correct  rate  seems  to  be 
about  1.  5 x 10-12  cm^/s.  The  energy  which  is  transferred  to  02  relaxes 
relatively  slowly  by  T -V  quenching  of  02  by  H2O, 


02(v  = 1)  +H20(000)  - 02(v  = 0)  +H20(000)  + 1556  cm'1,  (18) 

and  by  transfer  back  to  H20  followed  by  quenching  of  the  H20. 

These  processes  are  summarized  in  Fig.  4,  where  the  times  indi- 
cated correspond  to  the  atmospheric  conditions  of  Figs.  2 and  3.  The  ab- 
sorption of  a laser  photon  leads  to  some  immediate  heating  (for  a time  on 
the  order  of  the  rotatio.-il  relaxation  time)  as  indicated.  T-V  quenching  of 
the  H 2O  leads  to  further  very  rapid  heating  (with  a time  scale  on  the  order 
of  10-'  to  10-°  s.  The  energy  that  is  transferred  to  02  produces  heating 
on  a somewhat  larger  time  scale,  on  the  order  of  10-5  s.  The  extent  of 
heating  occurring  on  the  fast  and  slow  time  scales  depends  on  the  relative 
rates  of  T-V  quenching  and  V-V  transfer  to  Oz.  If  the  faster  H20/02  V-V 
transfer  rate  and/or  slower  H2O/H2O  T-V  quenching  rate  is  correct,  or  if 
the  humidity  is  low  (as  it  will  surely  be  at  higher  altitudes)  then  the  bulk  of 
the  H2O  vibrational  energy  will  be  transferred  to  O2.  This  will  shift  the 
heating  to  significantly  longer  times.  These  uncertainties  become  even 
more  important  for  the  absorption  of  CO  laser  radiation,  since  H20(v?)  is 
the  dominant  absorber.  L 
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4.  Kinetics  of  Absorption  of  DF  Laser  Radiation  by  N?Q 

DF  laser  radiation  is  absorbed  by  N2O  principally  on  the  vi  over- 
tone transition, 


N20(00°0)  + hv  ->  N20(20°0)  + AE,  (19) 

and  the  combination  band  transition 

N20(00°0)  + hv  - N2O(12C0)  + AE.  (20) 

A small  amount  of  absorption  takes  place  on  the  corresponding  transitions 
from  the  N2O(0ll0)  level,  but  this  may  be  ignored. 

Most  of  the  available  data  on  N20  vibrational  relaxation(24-27)  were 
obtained  in  pure  N20  and  N2O/N2  mixtures,  and  do  not  shed  much  light  on 
the  most  important  processes  in  the  atmosphere.  However,  under  the  pres- 
ent program  the  relaxation  of  modes  and  V2  has  been  studied  experi- 
mentally. The  results  are  described  in  detr.il  in  Section  IV.  They  show  that 
modes  iq  and  v2  are  rapidly  coupled  by  collisions  with  N2  and  H20.  On  the 
other  hand,  Yardleyl  > finds  that  mode  V3  is  only  weakly  coupled  to  modes 
and  v2.  He  observes  that  N20  mode  1^3  rapidly  couples  to  N?  by  V-V 
transfer  in  about  1100  collisions.  However,  at  the  end  of  this  (short)  time 
the  extent  of  residual  excitation  in  mode  113  indicates  that  modes  v1  and  vz 
have  not  been  excited  by  either  direct  intramolecular  V-V  processes  or 
inter  molecular  V-V  transfer  back  from  N2.  (2®) 

We  are  therefore  led  to  neglect  the  coupling  of  modes  and  v2  to 
mode  V3  and  to  assume  that  modes  and  v2  are  rapidly  coupled.  This 
leads  to  the  model  shown  in  Fig.  5.  According  to  this  model,  modes  and 
v2  are  reduced  to  four  lumped  levels,  each  consisting  of  several  near- 
resonant levels  as  indicated  by  the  dotted  lines. 

The  relaxation  of  the  N2O  (v2)  mode  by  N2  has  been  determined  by 
acoustical  and  spectrophonic  techniques^4)  and,  under  the  present  program, 
by  laser  fluorescence  techniques,  and  found  to  be  2.  0 x lO'l4  cm3/s.  This 
is  approximately  a factor  of  five  faster  than  the  corresponding  relaxation 
rate  for  C02  as  might  be  expected  from  the  slightly  lower  vibrational  fre- 
quency of  NoO  (v2).  Using  the  laser  fluorescence  technique,  the  rate  of 
quenching  of  N20  ( v2)  by  HzO  has  been  found  to  be  4.  3 x 1 0 " 1 2 cm3/s . This 
is  about  a factor  of  four  slower  than  the  corresponding  rate  for  CO2.  To 
scale  the  rates  to  different  temperatures  we  assume  that  the  temperature 
dependence  for  N20  (v2)  is  the  same  as  that  for  C02  (vz)-  To  scale  the  rate 
to  higher  levels  we  assume  the  harmonic  oscillator  rule,  which  says  that 
for  level  (Gm1  0)  the  quenching  rate  is  proportional  to  m. 

These  processes  are  summarized  in  Fig.  5 where  the  times  indi- 
cate correspond  to  the  atmospheric  conditions  of  Figs.  2 through  4.  Only 
a small  amount  of  heating  accompanies  the  absorption  of  a laser  photon. 

The  bulk  of  the  heating  occurs  on  a time  scale  of  the  order  of  2 x lO-7  s, 
corresponding  to  the  quenching  of  N2O  (v2)  by  H20. 
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Kinetics  of  Absorption  of  DF  Laser  Radiation  by 


5.  Kinetics  of  Absorption  of  DF  Laser  Radiation  by  CH4 

DF  laser  radiation  is  absorbed  by  CH4  on  the  V4  overtone  band 

CH4(0000)  +hv-  CII4(0002)  + AE,  (21) 

and  the  combination  band 

CH4(0000)  + hv  - CH4(0101)  + AE.  (22) 


In  the  experiments  which  have  been  done  on  CH4  to  date(24,  29-35) 
all  the  vibrational  modes  have  been  coupled  very  1 apidly  by  CH4-CH4  col- 
lisions (on  the  order  of  70  collisions  to  couple  modes  and  v4,  (29)  and 
less  than  100  collisions  to  couple  modes  and  V4).  (^^I  Since  this  coupling 
presumably  takes  place  via  inte rmolecular V - V transfer  in  high  concentra- 
tions of  CH4,  the  modes  are  likely  to  be  much  more  slowly  coupled  in  dilute 
mixtures  of  CH4.  On  the  bas:s  of  his  experimental  data  Yardley  con- 
cludes^ ) that  the  r^te  of  coupling  by  rare  gases  is  probably  at  least  a 
factor  of  ten  slower.  Although  atmospheric  species  such  as  N2  and  O2  prob- 
ably behave  more  like  rare  gases  than  like  CH4,  we  shall  nevertheless, 
assume  that  all  the  modes  are  strongly  coupled,  since  there  is  not  enough 
data  on  vibrational  relaxation  in  CH4  to  justify  a more  detailed  description. 
Furthermore,  the  symmetric  and  asymmetric  bending  modes,  v2  and  v4, 
have  comparable  vibrational  frequencies  and  are  likely  to  behave  similarly, 
whether  coupled  or  not.  The  stretching  modes,  and  v-,  have  much 
larger  vibrational  frequencies  and  probably  relax  much  more  slowly  than 
the  bending  modes.  They  will  therefore  have  little  effect  on  the  relaxation 
of  CH4  except  to  increase  the  effective  degeneracy  of  the  bending  levels  to 
which  they  are  coupled.  On  the  basis  of  these  considerations  we  adopt  the 
model  shown  in  Fig.  5. 


The  relaxation  of  CH4  in  the  atmosphere  is  dominated  by  V-V  trans- 
fer to  Oo  and  H2O.  The  rate  of  transfer  from  CH4  to  O2  is  well  docu- 
mented, (32)  although  it  is  not  known  whether  it  takes  place  from  the  near- 
resonant (0100)  level  or  the  infrared  active  (0001)  level.  Under  the  assump- 
tion that  these  levels  are  in  equilibrium  with  each  other,  we  assign  this 
process  a room  temperature  rate  equal  to  6 x lO'1^  Cm3/s  in  the  exo- 
thermic direction  (O2  transfer  to  CH4).  The  reverse  rate  is  obtained  by 
detailed  balance,  using  the  partition  function  of  the  combined  CH4(0001)  and 
CH4(0101)  levels.  To  scale  this  rate  to  higher  levels  we  use  the  harmonic 
oscillator  rule,  as  before.  To  scale  this  rate  to  different  temperatures  we 
assume  that  the  reaction  is  sufficiently  near  resonance  for  the  probability 
per  collision  to  vary  as  T_l  in  the  exothermic  direction.  The  rate  coeffi- 
cient in  this  case  varies  as  T"^/^. 


The  rate  of  V-V  transfer  to  H^O  (v^)  is  n°t  so  well  documented,  and 
there  is  some  controversy  regarding  the  extraction  of  rate  coefficients 
trom  the  limited  data  on  mixtures.  (23,  31)  j£  accept  Bauer* s 

interpretation  of  the  data,  the  rate  of  transfer  from  1120(010)  to  CH4(v2  + v4) 
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is  6 x 10'1  1 cm^/s  at  rocm  temperature,  To  scale  this  rate  to  higher 
levels  the  harmonic  oscillator  rule  is  used,  as  before.  To  scale  the  rate 
to  other  temperatures  we  assume  that  the  reaction  is  sufficiently  near 
resonance  that  the  rate  varies  as  T1/2,  as  was  assumed  for  transfer  to  O p. 
The  subsequent  relaxation  of  H2O  ( v2 ) and  Oo  is  discussed  in  Section 
III.  B.  3. 

These  processes  are  summarized  in  Fig.  6,  where  the  relaxation 
times  indicated  correspond  to  the  same  atmospheric  conditions  as  in  Figs. 

2 through  5.  Only  a very  small  amount  of  heating  or  cooling  occurs  at  the 
absorption  of  a laser  photon  by  CH4.  At  sufficiently  low  T^O  concentra- 
tions («  C.  2%)  some  cooling  will  occur  on  the  fast  time  scale  (~4  x 10“^  s 
in  Fig.  6)  corresponding  to  transfer  to  O2.  Such  small  concentrations  of 
H2O  can  occur  at  high  altitudes,  since  HpO  is  not  uniformly  distributed 
throughout  the  atmosphere.  Although  V - V transfer  from  CH4  (v>2  and  v4) 
to  H2O  (i<2)  is  endothermic,  this  process  will  not  lead  to  cooling  because 
the  H2O  (v2)  vibration  is  quenched  on  the  same  time  scale  with  a large  re- 
lease of  heat.  Thus,  under  conditions  of  sufficiently  high  humidity  (»  0.  2 
percent  H2O),  which  ordinarily  prevail  at  low  altitudes,  the  aser  energy 
absorbed  by  CH4  will  lead  to  heating  on  a fast  time  scale  (~7  x 10'^  s)  cor- 
responding to  transfer  to  H2O  (V2)  and  quenching  of  the  H2O  (vo)  (principally 
by  H2O  itself).  The  energy  transfe*  red  to  Op  will  appear  as  heat  on  a longer 
time  scale  (~10"4  s)  corresponding  to  ‘he  relaxation  of  O2  via  H2O  (up). 

6.  Kinetics  of  Absorption  of  DF  Laser  Radiation  by  HDO 

HDO  absorbs  DF  laser  radiation  on  the  fundamental  transition 

HDO(OOO)  + hv  - HDO(IOO)  + AE.  (23) 

No  data  exist  regarding  the  relaxation  of  HDO  (v^)  (or  v 2 or  v3,  for 
that  matter).  However,  preliminary  data  have  been  obtained  at  AERL  re- 
garding the  relaxation  of  H20  (v3)  in  collisions  with  H-,0.  (36)  These  data 
indicate  that  modes  v^,  V2  and  v3  are  couples  in  less  than  10  H2O  - H2O 
collisions,  despite  the  fact  that  the  levels  are  separated  by  about  500  cm'1. 
Because  of  the  similarity  of  HDO  and  H20,  we  assume  that  HDO  (v^)  and 
(v2)  are  coupled  to  each  other  and  to  H20  (v^)  at  every  collision  by  the  re- 
actions 

HDO(10n  + HzO  - HDO(020)  + H,0  (24) 

H2O(010)  + HDO(OOO)  - H20(000)  + HDO(OIO).  (25) 

These  reactions  are  assumed  to  have  rate  constants  equal  to  5 x 10"  crn  /s. 
To  scale  to  higher  levels,  the  harmonic  oscillator  rules  are  used.  The  T-V 
relaxation  of  HDO  (v2)  by  H20,  N2  and  02  is  assumed  to  be  the  same  as  for 
H20(v2). 
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Fig.  6 Kinetics  of  Absorption  of  DF  Laser  Radiation  by  CH4 
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In  addicion  to  these  rapid  H9O  - HDO  processes,  near  resonant  V -V 
transfer  to  N2  and  O2  may  be  important,  especially  under  conditions  of  !ow 
humidity: 


Oz(v  = 1 ) + HDO(OOO)  - Oz(v  = 0)  + HDO(OIO)  + 153  cm'1.  (?6) 


HDO(IOO')  + N?(v  = 0)  - HDO(OOO)  + N2(v  = 1)  + 393  cm'1.  (27) 

The  rate  of  reaction  (26)  is  estimated  to  be  about  1.  0 x 10"^  cm^/s.  This 
is  slightly  slower  (30  percent)  than  the  corresponding  rate  of  transfer  be- 
tween H2O(010)  and  O2,  which  is  more  nearly  resonant.  It  is  more  difficult 
to  estimate  the  rate  of  reaction  (27).  Due  to  the  larger  nonresonat.ee,  com- 
pared with  reaction  (26),  the  rate  of  reaction  (27)  has  somewhat  arbitrarily 
been  assumed  to  be  2 x 10”^  cm^/s,  which  is  a factor  of  five  slower  than 
reaction  (26). 

These  processes  are  summarized  in  Fig.  7,  where  the  times  indi- 
cated correspond  to  the  same  atmospheric  conditions  as  in  Figs.  2 through  6. 
The  dominant  effect  of  absorption  by  HDO  (vj)  is  seen  to  be  rapid  heating  on 
a time  scale  of  the  order  of  4 x 10-8  s,  corresponding  to  the  quenching  of 
HDO  (^2)  and  H2O  (1/2)  by  H2O. 

C.  RELAXATION  EQUATIONS 


With  these  approximations  it  is  a simple  matter  to  write  down  the 
kinetic  equations  describ-ng  the  relaxation  of  the  system.  For  this  purpose 
we  shall  refer  to  a group  of  closely  coupled  vibrational  and  rotational  states 
as  "level  i" , and  define  the  partition  function  Qi  and  mean  energy  for 
level  i by  the  expressions 
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where  gm  is  the  degeneracy  of  state  m,  Em  is  the  energy  pf  state  m,  k is 
Boltzmann's  constant  and  T is  the  temperature.  The  partition  functions 
for  the  levels  of  N2O  and  CH4  are  described  in  Appendix  A. 

I he  density  n{  of  molecules  in  level  i is  assumed  to  satisfy  the  in- 
viscid  equation 
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where  D/Dt  is  the  usual  convective  derivative  and  v is  the  local  velocity. 
Thus,  each  level  of  each  molecular  species  is  treated  as  r chemical  species 
capable  of  undergoing  the  reactions  represented  by  the  right-hand  side  of 
the  equation.  The  first  term  on  the  right-hand  side  represents  the  effect  of 
vibrational  relaxation  processes  of  the  type 


A.  + B,  - A.  + B„,  (31) 

i k j £ ' 

in  which  molecule  A in  level  i reacts  with  molecule  B in  level  k to  form 
molecule  A in  level  j and  molecule  B in  level  £,  with  rate  coefficient 
k-*C 

k.  . To  express  this  term  in  the  form  shown,  the  usual  detailed  balance 
relation 


kk_*f  Q.Q  = kC"k  Q.Q  (32) 

i -*J  J C j -l  i k’ 

has  been  used.  The  rate  coefficients  used  in  the  calculations  are  summarized 
in  Appendix  B.  The  second  term  on  the  right-hand  side  represents  the  effect 
of  absorption  processes  of  the  type 

A.  f-  hv  - A.  , (33) 

and  stimulated  emission  processes  of  the  type 

A.  + hv  -*  A.  + 2 hv.  (34) 

J i K ' 


In  Eq.  (30)  a! V^.  is  the  cross 
i-J 

of  photons  at  this  frequency, 
detailed  balance  relation 


section  at  the  frequency  v and  4>v  is  the  flux 
To  express  this  term  in  the  form  shown,  the 
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has  been  used.  This  relation  is  derived  in  Appendix  C. 


l r* 


cclve  completely  the  problem  of  laser  beam  propagation  it  is 
necessary  to  solve  the  vibrational  relaxation  equations  together  wilh  the 
hydrodynamical  momentum  and  energy  equations  describing  the  motion  of 
the  gas  and  Maxwell's  equations  (or  an  eiconal  approximation)  describing 
the  propagation  of  the  beam.  However,  to  simplify  the  study  of  absorption 
kinetics,  the  effects  of  beam  propagation  are  ignored,  and  the  laser  flux 
^ v *s  specified  as  a function  of  time.  To  further  streamline  the  problem, 
the  hydrodynamic  effects  are  approximated  by  assuming  either  constant 
pressure  p or  constant  total  density  n,  where 


? ni’ 

(36) 

i 

nkT. 

(37) 

The  constant  pressure  approximation  is  aDpropriate  when  the  laser 
pulse  is  so  long  that  a pressure  pulse  generated  by  the  heating  of  the  gas 
can  propagate  beyond  the  width  of  the  beam.  Thus,  if  W is  a characteris- 
tic width  of  the  laser  beam  and  At  is  the  pulse  duration  (as  seen  by  a 
'particle  ' of  gas,  in  the  case  of  a moving  beam)  then  the  constant  pressure 
approximation  is  valid  when 


aAt/W  » 1,  (3g) 

where  a is  the  speed  of  sound.  For  a sound  speed  a = 3 x 104  cm/s,  and  a 
beam  width  W — 10  cm,  we  see  that  the  constant  pressure  approximation  is 
appropriate  tor  pulse  lengths  At  > 1 ms.  The  constant  density  approxima- 
tion is  appropriate  when  the  laser  pulse  is  so  short  that  a pressure  pulse 
has  no  time  to  propagate  a significant  distance,  so  that  the  gas  cannot  relax 
hydrodynamic  ally.  This  limit  is  valid  when 

Q-At/W  « 1.  (3q) 

lTnder  the  above  assumptions,  this  corresponds  to  pulse  lengths  At  < 100  (js. 

In  the  constant  pressure  limit  the  energy  equation  may  be  expressed 


where 
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th„V°‘al  int""al  (rotational  + vibrational)  energy.  This  equation  must 
e solved  simultaneously  with  the  relaxation  equations.  In  the  constant 
density  limit  the  energy  equation  may  be  expressed 


v,  i 


bv  I n.  a .(  v) . 
v 1 1 


(42) 


will  h rT  he  re™ai"der  °f  thlS  reP°rt-  only  constant  pressure  solutions 
smln^AT/T886^  IeVeu’  the  ternPerature  change  AT  is  invariably 
frnmMAT/T  ^ ’ S°  H ^ relaxation  equations  are  essentially  decoupled 

om  the  energy  equation.  Under  these  conditions  the  constant  density 
temperature  change  ATn  is  simply  related  to  the  constant  pressure  tempera- 
ture change  AT  by  the  formula  F 


AT 


= T AT  . 
3 P 


(43) 


IV.  VIBRATIONAL  RELAXATION  OF  THE  NzO  v { MODE 


A.  VIBRATIONAL  RELAXATION  OF  THE  NzO  MODE  BY  NzO 
1.  Introduction 


contrast  to  the  v 3 mode,  the  vibrational  relaxation  of  the  v j mode 
7.  8 n m)  of  nitrous  oxide  has  received  little  attention  to  date. 


In  cc 

(1285  cm"  1 e /ii 
The  (001)  level  of  the  v 3 mode  and  the  (100)  level  of  v j mode  are,  respec- 
tively, the  upper  and  lower  lasing  levels  of  the  N2O  10.  5 /] m laser,  i^T)  anc] 
the  relaxation  times  of  both  levels  are  important  in  determining  laser  per- 
formance. The  relaxation  of  the  (001)  level  can  be  conveniently  studied  by 
the  laser  fluorescence  technique  using  an  NoO  laser,  and  this  technique  has 
been  applied  by  a number  of  investigators.  (26,27,  38-40)  However,  the  lack 
of  a convenient  source  of  excitation  for  the  (100)  level  has  thus  far  deferred 
measurement  of  its  relaxation  process. 


The  near  coincidence  of  the  N2O  (200  *-  000)  transition  with  a number 
of  DF  wavelengths  lends  itself  conveniently  to  the  excitation  of  the  v j mode. 
This  section  describes  a fluorescence  study  at  room  temperature  of  the  re- 
laxation of  the  v j mode  following  an  overtone  excitation  via  a DF  laser 
operating  on  the  3P7  transition. 


Figure  8 is  a schematic  of  the  energy  levels  of  N2O.  The  great 
number  of  relaxation  pathways  can  be  grouped  into  three  classes  character- 
ized by  the  amount  of  energy  and  the  number  of  quanta  exchanged  during  a 
collision.  A few  representative  relaxation  channels  are  given  as  follows: 
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( c)  V-T  Relaxation: 


* TVT2  ° - 1 

(010)  + M / , (000)  + M AE  ~ 589cm 


° TV  T 1 ° - 1 

(100)  + M V V (000)  + M AE  - 1285cm 


Various  relaxation  time  constants  are  associated  with  each  of  the 
three  types  of  processes.  The  ability  to  resolve  these  time  constants  , 
depends  upon  their  relative  magnitudes.  The  dipole-dipole  V-V  theory 


suggests  that  r 


This  is  supported  by  the  work  of  Stephenson, 


Wood  and  Moore\43)  on  the  CO^  molecule.  The  VT  relaxation  rate  constants 
are  in  general  much  slower  than  the  V-V  rate  constants(44)  This  work 
reports  the  results  of  the  measurements  on  j ^ and  The  sensi- 

tivity and  resolution  of  the  present  experiment  were  not  sufficient  for  the 
measurement  of  r 


2.  Experimental 

Figure  9 is  a schematic  of  the  experimental  setup.  The  laser  was 
operated  with  a 20-kV  (12-nf  storage  capacitor)  discharge  at  10  pps  be- 
tween a copper  bar  anode  and  100  resistive  pin  cathodes  with  an  anode- 
cathode  gap  of  1 inch.  The  active  medium  was  50  cm.  The  2- inch  I.  D. 
lucite  tube  was  fitted  with  sapphire  Brewster  windows.  The  laser  cavity 
length  was  2 meters.  The  center  of  the  fluorescence  cell  was  placed  intra- 
cavity and  was  coincident  with  the  focal  plane  of  a CaF^  lens  (6-inch  focal 
length  at  4 pm)  and  the  radius  of  curvature  (12.  5 inch)  of  an  Ag-coated 
mirror.  With  this  configuration,  the  beam  waist  (co  ) at  the  center  of  the 
fluorescence  cell  is  estimated  to  be  ~l/2  mm  using  *ihe  Collins  chart. (45) 
The  grating  (300  lines/mm,  4 pm  blaze)  selected  the  operating  lasing 
wavelength.  The  lasing  radiation  scattered  off  one  of  the  Brewster  win- 
dows was  monitored  through  a l/2-meter  Jarrell-Ash  monochromator 
(dispersion  ~8  cm"  1/mm)  and  an  InSb  detector.  The  Ge  flat  facilitated 
optical  alignment  and  energy  measurements.  The  output  energy  of  the 
laser  was  measured  with  a TRO^^)  energy  meter  in  place  of  the  12.  5- 
mch  mirror.  The  energy  per  pulse  on  a number  of  transitions  (3Py,  3Pg 
and  2Piq)  was  ~1.  5 mJ,  under  the  optimum  pressure  of  around  100  Torr 
with  SF^  to  ratio  of  ~4:1.  Since  the  Ge  flat  was  a 50-percent  coupler, 
the  intracavity  energy  with  the  12.5-inch  mirror  in  place  could  be  easily 
calculated  to  be  a factor  of  three  larger  than  the  extracavity  measurement, 
from  the  ratio  of  the  scattered  signals  as  measured  by  the  InSb  detector. 

Two  sapphire  windows  A.  R.  coated  at  4 pm  allowed  the  laser  beam 
to  pass  through  the  fluorescence  cell  with  little  loss  in  intensity.  The 
fluorescence  signals  at  7.  8 pm  (vj  mode)  and  4.  5 pm(v^  mode)  were  moni- 
tored through  an  Irtran  4 window  and  collected  by  a 1-inch  diameter  f-3/4 
Irtran  4 lens,  with  a collection  solid  angle  of  ~l/20  steradian.  The  7.  8 pm 
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Fie.  9 Schematic  of  Laser  Fluorescence  Setup 


fluorescence  was  focus  id  onto  a CuGe  detector  (Santa  Barbara)  equipped 
with  liquid  He-cooled  filter  (AA  ~5  to  8.  25  (jm),  which  blocked  the  V3 
fluorescence  and  the  possible  presence  of  the  v ^ fluorescence  at  17  /im 
The  output  of  the  detector  was  fed  into  a 10-dB  gain  operational  ampli- 
fier with  a response  time  of  <1  fis.  The  laser  pulse  width  (FWHM)  was 
between  0.  75  and  1 /is  under  the  aforementioned  operating  conditions. 

This  resulted  in  a system  response  time  of  ~l/is.  A PAR  model  160  box- 
car integrator  and  a Mosley  recorder  were  used  for  signal  retrieval. 

3,  000  to  12,  000  pulses  were  averaged  per  scan  (5  to  20  min).  The  box- 
car integrator  provided  a 10-fold  enhancement  of  the  signal-to-noise  (S/N). 
The  time  base  on  the  recorder  output  was  calibrated  with  Tektronix  time 
mark  generator. 

The  fluorescence  signal  (4.  5 ini)  was  monitored  by  an  InSb 
detector.  Due  to  its  proximity  to  the  ex  ;itation  wavelength  at  3.  9 /im, 
a narrow  band  (AA  ~0.  2-/jm)  filter  centered  about  4.  5 pm  was  used. 

The  distance  between  the  fluorescence  region  and  the  IR4  window 
was  1.  3 cm.  This  provided  a self-absorbing  layer  which  trapped  all  of 
the  radiation  from  1 — 0 transitions  for  the  v and  modes.  An  estimate 
of  the  optical  thickness  of  the  N?0  gas  using  band  strength  values  of 
McClatchey(^)  indicates  that  the  transitions  100  — 000,  110  — 010,  001  — 
000,  and  011  —010  were  all  black  under  the  experimental  conditions  used 
in  this  expermient.  Thus,  the  fluorescence  signals  from  the  v and  v, 
modes  were  predominantly  radiation  from  the  200  — 100  and  0T2  — 00L 
transitions,  respectively. 

_ 4 

The  vacuum  system  was  pumped  down  to  less  than  1x10  Torr. 

The  leak/outgasing  rate  was  <2  x 10"4  Torr/min.  The  fluorescence 
signals  were  obtained  under  steady-flow  conditions  such  that  system- 
contributed  impurities  would  have  little  effect  on  the  relaxation  rate. 

The  cleanliness  of  the  system  was  demonstrated  by  the  consistent  relaxa- 
tion times  obtained  under  Dow  and  static  conditions.  A calibrated  Wallace- 
Tiernan  gauge  measured  the  sample  pressures. 

The  N^O  gas  was  purchased  from  Matheson  and  used  without 
purification.  The  manufacturer  claims  a minimum  purity  of  98  percent. 

The  major  impurity  species  are  N£,  CO,  O2,  CO^  and  NO.  Of  these, 

NO  is  probably  the  most  efficient  relaxer  of  other  molecules.  (47)  The 
extimated  NO  impurity  is  less  than  0.  5 percent.  (4$)  This  may  contribute 
at  most  10  percent  to  the  relaxation  rate  constant.  (49) 

3.  Results 


Sample  fluorescence  scans  at  7.  8 /im  on  two  different  time  scales 
for  the  same  pressure  are  shown  in  Figs.  10  and  11.  The  initial  positive 
spikes  on  the  baseline  scans  were  electrical  pick-up  from  the  laser  dis- 
charge. The  ratio  of  the  electrical  pick-up  noise  to  the  background  detec- 
tor noise  was  approximately  a factor  of  2 prior  to  averaging.  This  low  level 
of  pick-up  noise  was  achieved  after  careful  shielding  of  the  laser  tube  and 
the  power  supply.  Attempts  at  further  pick-up  suppression  failed. 


-37- 


Fig.  11  Short  Time  Constant  (V-V)  Fluore  scene  Scan  at  7.  8 /j.m 

PN20  = Zl  t Torr 

Scan  Time  = 1 min 
Aperture  = 0.  3 pis 


The  fluorescence  signals  are  plotted  vs  time  on  a semi-log  plot 
in  the  accompanying  diagrams.  The  long  time  dece.y  of  Fig.  10  yields  a 
single  time  constant.  The  crosses  in  Fig.  11  are  corrected  tor  the  relaxa- 
tion baseline  shift,  due  to  the  presence  of  the  longer  time  constant,  to 
yield  the  straightline  plot.  The  two  time  constants  are  easily  resolved 
since  they  differ  by  one  order  of  magnitude. 


The  reciprocals  of  the  measured  time  constants  are  plotted  vs 
pressure  for  a number  of  runs  in  Fig.  12.  The  slopes  yield  long  (t^)  and 
short  (r  ) time  constants  of  0.  72  ps-atm  and  0.  031  + 0.  006  ps-atm, 
respectively.  The  pressure  range  (6  to  21  Torr)  covered  for  the  short 
time  constant  measurements  was  limited  by  S/N  at  low  pressures  and  by 
time  resolution  at  high  pressures.  The  long  time  constant  measurements 
were  limited  by  S/N  on  the  low  pressure  side  (~20  Torr)  and  translational 
heating  as  the  pressure  was  increased  beyond  60  Torr.  The  latter  effect 
resulted  from  pressure-broadened  absorption,  in  which  the  amount  of 
absorbed  energy  per  molecule  is  approximately  proportional  to  the  pres- 
sure. Absorption  measurements  on  the  SPy  and  2P.  q DF  lasing  lines 
were  made  with  the  same  system  by  replacing  the  12.  5- inch  radius  of 
curvature  mirror  with  an  InSb  PEM  detector.  The  transmittance  per 
unit  length  (£n  I /l)/£  is  plotted  vs  p^  Q on  a log-log  plot  in  Fig.  13. 

The  absorption  length,  S.  , was  10  cm  m the  present  measurement.  Also 
plotted  in  the  same  figure  are  the  results  of  Spencer,  et  al.  (50)  in  the 
region  of  pressure  overlap,  the  results  are  in  good  agreement.  The  slopes 
yield  a pressure  dependence  of  p^*  ® and  pi-  respectively,  for  the  3Py 

and  2P10  lines.  The  results  of  Spencer,  et  al,  tend  to  deviate  from  our 
extrapolation  to  higher  pressure,  This  is  consistent  with  the  fact  that 
under  pressure-broadened  conditions  the  transmittance  should  vary  as  the 
second  power  of  the  pressure  at  low  density  and  transforms  into  a depen- 
dence of  1 to  0 at  high  pressures  depending  upon  the  density  of  states  of 
the  absorber  near  the  absorption  line, 


The  two  time  constants  are  interpreted,  respectively,  as  pro- 
cesses (45)  and  (46)  for  the  short  and  long  time  constants.  Further 
justification  of  this  interpretation  will  be  given  in  a subsequent  discussion. 

T.  is  interpreted  as  the  VT  relaxation  of  the  v,  mod‘\  A direct 
verification  of  this  was  to  follow  the  17  pm  (v^  mode)  fluorescence.  The 
radiative  lifetime  of  the  mode  (6.5  s)(51)  is  approximately  100  times 
longer  than  that  of  the  v mode  (80.  7 ms).  (51)  A pressure  of  200  Torr 
was  necessary  to  detect  any  signal.  At  this  pressure,  the  amount  of 
energy  absorbed  per  molecule  was  estimated  to  be  nearly  20  percent 
(Eq.  (52))  of  the  translational  and  rotational  energy  of  N2O  at  room  tempera- 
ture. The  resultant  fluorescence  signal  was  indicative  of  thermal  difusion 
and  conductivity  of  a heated  gas(59)  on  a time  scale  of  the  order  of  milli- 
seconds. The  V-T  relaxation  time  constant  at  this  pressure  would  cor- 
respond to  ~2ps  and  was  completely  masked  by  the  heating  of  the  gas 
sample. 
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Fluorescence  at  4.  5 |im  was  observed  as  shown  in  Fig.  14.  System 
resolution  prevented  any  risetime  measurement.  The  decay  yielded  a 
single  time  constant.  Fig,  15(a)  is  a plot  of  l/r  vs  pressure.  The  slope 
yeilds  a time  constant  of  1.  05  _f  0.  15  jus-atm.  The  peak  fluorescence  sig- 
nals, I,  vs  pressures  are  plotted  in  Fig.  15(b).  The  resultant  functional 
relationship  is  I oc  p • . This  relationship  will  be  shown  to  be  sip  .if i - 

cant  in  identifying  the  level  from  which  the  fluorescence  originated. 

4.  Interpretation  and  Discussion 

There  are  three  assumptions  implicit  in  the  interpretation  of  the 
results  which  will  be  justified  in  the  following  discussion. 

(a)  Intramode  relaxation  times  are  too  fast  to  be  resolved  under 
the  experimental  conditions. 

(b)  The  v.-v^  V-V  relaxation  is  much  faster  than  the  v -v,  V-V 

relaxation.  1 ^ 

(c)  The  v.  V-T  relaxation  is  much  slower  than  that  of  the  v 

mode  L 

The  two  relaxation  times  obtained  from  the  v fluorescence  are 
interpreted  as  processes  (45)  and  (46).  An  estimate  of  the  collisional 
probability  of  process  was  made  using  the  dipole- dipole  V-V  theory.  (^2) 
The  transition  moments  for  the  processes  (ZOO  —100)  and  (100—  000) 
were  calculated  from  the  band  strength  values  of  McClatchey,  et  <.l.  (8) 

The  N20-N20  collision  diameter  used  was  that  compiled  in  Hir schfelder, 
Curtis  and  Bird.  (52)  The  calculated  probability  is  ~l/6,  which  is 
equivalent  to  a time  constant  of  ~0.  OOlpis-atm.  This  is  more  than  an 
order  of  magnitude  smaller  than  the  measured  r , suggesting  that  assump- 
tion (a)  is  justified. 

The  assumption  that  <ri3  can  be  justified  by  the  transition 
moments  and  exothermicities  of  some  main  reaction  paths  listed  in 
Table  VI.  Although  the  transition  moments  of  the  v — *•  v and  v v — 
reaction  paths  are  comparable,  the  energy  exchanged  with  translation 
is  smaller  for  the  — Vy  equilibration,  implying  that  7 7 < -r  _. 
Yardley(27)  suggests  thaFthe  main  depopulating  pathway  of  the1  (001)  level 
in  collisions  with  inert  gases  is  the  reverse  of  reaction  (k).  In  populating 
the  (001)  level,  it  is  more  likely  that  the  exothermic  reactions  (h),  (1), 
and  (j)  are  the  main  pathways  rather  than  reaction  (k).  In  fact,  reaction 
(k)  probably  governs  the  decay  of  the  v 3 mode  as  observed  in  this  experi- 
ment. 


The  V-T  channel  of  the  mode  has  been  ruled  out  from  two  con- 
siderations. First,  the  spacing  is  twice  that  of  the  rnode,  implyiig(44) 

a much  slower  V-T  relaxation  rate.  Secondly,  in  order  for  the  v V-T 
relaxation  to  be  competitive  with  the  corresponding  v?  relaxation,1  the  rate 
constant  of  the  former  channel  has  to  be  at  least  a factor  of  10  faster  than 
the  latter  due  to  the  much  higher  population  in  the  v mode  after  the  initial 
equilibration  between  the  v^,  modes.  Furthermore  the  magnitude  of  the 
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TABLE  VI 

TRANSITION  MOMENTS 


Reference 


Pathway 

<**1  m2> 

(stat  c • cm“) 

100  + 000  — 000  + 020 

3.  8 x IQ' 39 

1 10  + 000  — 010  + 020 

5.  0 x 10"39 

120  + 000  — 020  + 020 

-39 

4.  4 x 10  7 

, -40 

200  + 000  — 000  + 120 

6.  4 x 10 

200  + 010  — 100  + 030 

8.  5 x 10"39 

, -41 

120  + 000  — 000  + 040 

9.  6 x 10 

-40 

200  + 000  — 000  + 040 

1.9x10 

200  + 000  — 000  + 001 

8.  8 x 10"39 

120  + 000  — 000  + 001 

4.  5 x 10"39 

040  + 000  — 000  + 001 

1.  3 x 10'39 

„ ~ „-40 

110  + 000  — 000  + 001 

8.0x10 

(cm'  1 


1 16.  8 


long  time  constant  strongly  suggests  that  it  is  the  V-T  relaxation  time  of 
the  v,  mode,  in  view  of  the  impact  tv.be  results  of  Huetz,  et  al.  (^3)  The 
latter  experiment  measured  directly  the  relaxation  with  a reported  time 
constant  of  1.12  /is-atm,  A direct  comparison  of  the  two  results  cannot 
be  made  without  a detailed  i xamination  of  the  kinetics  involved,  which 
will  be  discussed  presently. 

Immediately  following  the  laser  excitation,  the  population  in  the 
(200)  level  redistributes  itself  through  process  (44),  establishing  a 
vibrational  temperature  in  the  mode.  Subsequent  relaxation  is  mainly 

through  the  (100)  -*(020)  channel,  during  which  time,  equilibrium  is 
established  between  the  (200)  and  (100)  levels  through  the  relationship 

2 

(200)=  exp( AE/kT),  (47) 


where  AE  is  the  anharmonicity  in  the  vj  mode.  The  overall  decay  rate 
of  the  (100)  level  can  be  expressed  as 

ddt°^=  "kl  (I00)(°00)>  (48) 

where  k^  is  the  decay  rate  constant.  Differentiating  Eq.  (47)  and  using 
Eq.  (48),  one  obtains 


= -2k:  (200)(000).  (49) 

It  is  evident  from  Eqs.  (48)  and  (49),  that  the  (200)  level  decays  twice  as 
fast  as  the  (100)  level  as  long  as  Eq.  (47)  holds.  Since  the  detector  sees 
only  the  (200—  100)  radiation,  the  measured  time  constant  can  be  related 
to  the  relaxation  times  of  the  lowest  levels  through  the  relationships 

t12=  2ts  (50) 


o 2 z 

TVT2  = 2 Tl  CL  + C2  ( 

where  the  heat  capacity  ratio  correction  is  necessary  for  the  V-V,  V-T 
series  relaxation  process.  (54)  jn  order  to  calculate  the  heat  capacity 
ratio,  the  vibrational  temperatures  of  the  two  modes  during  the  final 
V-T  relaxation  process  must  be  known.  Since  most  of  the  energy  re- 
sides in  the  rnode,  due  to  its  smaller  spacing  and  higher  degeneracy, 
the  following  equation  can  be  used  to  estimate  Ty^; 
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(52) 


a e. 


exp(^2/TV2)- 1 Ahvf  exp(£>2/Tt)-l  ’ 


where  6 2 


= 589  cm 


a 


- 2 1 2 

= 8.  4 x 10  c 1 cm 
from  Fig.  1 3. 


(at  30  Torr  pressure  deduced 


Eg  = 4.  5 mJ 

A = 1 x 10'^cm^  (s<2aJo)^(  laser  waist  area) 

yg  = laser  frequency 

T = translational  temperature  (300°K) 

T^2  = vibrational  temperature  of  the  v2  mode. 

The  estimated  Ty2  is  350°K.  The  heat  capacity  ratio,  C2/(C]  + C2),  for  this 
temperature  is  0.9.  The  variation  of  this  ratio  with  temperature  is  small,  as 
evidenced  by  the  respective  values  of  0.  93  and  0.  81  at  300°  and  500°K. 

(Cj  + C2)  = 0.9isusedin  Eq.  ( 51 ) to  calculate  Tyq-  2 • A _+_  1 0 percent  uncer- 
tainty in  r VT?  *s  assigned.  The  deduced  value  of  1 . 3 +_0.  1 3 p.  s-atm  for  Ty>p2 
is  15  percent  Larger  than  the  impact  tube  measurements . (53) 


The  decay  of  the  (200)  level  can  thus  be  represented  by  the  equation 


(200)  = (200)q  [(l-q) 


-t/ T 


s + 


q e 


-t/  T£] 


(53) 


where  (200)q  is  the  level  population  after  intra-mode  equilibration.  It  is 
related  to  the  initial  population  (200)^  excited  by  the  laser  through  the 
relationship, 


(1/2)(100)q  + (200)q  = (200)..  (54) 

q is  the  ratio  of  the  population  of  the  (200)  level  after  intermode,  v .*—+  v 2 
equilibration  to  (200)o.  The  overall  time  variation  of  the  (001)  level  can 
be  given  as 


d(001) 

dt 


(200)  (001) 

T1 3 t32 


(55) 


where  1/713  is  the  feeding  rate  from  the  mode  and  1/7-32  is  the  decay 
rate  from  the  mode. 
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Integrating  Eq.  (55)  with  Eq.  (53)  yields 


(001) 

(200)q 


= A e 


+ 3 e 


[a  + b] 


(56) 


where 


U-qJi/T., 

A = — and 


T32  Ts 


(q)1/ Tj3 

~T~  X 

t32  Te 


The  v,  fluorescence  ris^time  was  not  resolved  (<  1 fis)  for  pressures 
^0  Torr,  at  which  pressure  t,,  ~ 0.  8 j±s  and  - 18  fis.  This  suggests 

that  the  coefficient  A > B,  or  q <<  1.  For  j » r , the  late  time  h;  ory 
of  the  (002)  level  can  be  shown  to  be  s 


(002)  ~ 


(ZOO)/  .2t/T32 

(000)  A e 


(57) 


using  the  fast  intramode  equilibration  assumption. 

Since  the  001—000  transition  is  optically  black,  the  observed 
fluorescence  (002 —00  1 ) can  be  represented  by  Eq.  (57).  Bates,  et  al(26) 
and  Yardley(27)  have  measured  the  relaxation  time  constant  7 yielding, 
respectively,  1.  96  and  1 74  p,s-atm.  The  measured  value  of  T32/2  in 
this  work  is  1.  05  (ts-aim,  thus  agreeing  very  well  with  available  data. 

Further  supporting  evidence  that  the  002—001  transition  was  the 
dominant  v3  fluorescence  is  given  by  the  results  of  Fig.  15(b).  The  pre- 
dicted exponent  dependence  of  the  pressure  vs  peak  signal  can  be  easily 
derived  as  follows.  For  (200)q/(  1 00)Q  « 1,  and  using  Eq.  (54), 

*\ 

(100)QOc  (200). orp1-8,  (58) 


as  given  by  the  results  of  Fig.  13.  Using  Eqs.  (47),  (56)  and  (57),  it  is 
evident  that  (001)  oc  p2.  6 and  (002)  oc  p4.  2_  where  the  subscript  p de- 
notes peak  value.  H The  results  of  Pig.  15(b)  yielded  I oc  p3.  8 xhis  1S 
in  good  agreement  with  the  predicted  result.  The  iov^er  measured  ex- 
ponent probably  resulted  from  the  lack  of  system  time  resolution  which 
prevented  the  fluorescence  signal  from  attaining  peak  value  before  the 
decay  set  in. 
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It  is  also  evident  from  Eq.  (57)  that  could  be  obtained  if  the 
detectors  were  calibrated  to  yield  absolute  quantities  for  (002)  and  (200)Q, 
Calibrations  were  not  attempted  because  (a)  the  initial  electrical  noise  in 
the  v,  signal  prevented  accurate  measurement  of  the  magnitude  of  (200)  , 
and  (b)  the  pressure  regime  at  which  the  signal  could  be  detected,  dia 
not  overlap  with  that  of  the  vj  signal  under  conditions  in  which  rs  can 
be  resolved. 

Table  VII  lists  the  results  of  the  present  work  and  the  available 
data  from  the  literature.  The  results  of  the  v 2 V-T  and  V3—  re- 

laxation times  agree  very  well  with  measurements  by  other  investigators. 
The  ~~v2  relaxati°n  -s  the  first  attempted  measurement  of  this  process. 

In  view  of  the  similarity  between  N20  and  C02  (except  for  the  lack 
of  infrared  activity  in  the  mode  of  CO^),  if  should  prove  interesting  to 
compare  the  v,  — relaxation  process  of  the  two  molecules.  The  100 
and  020  levels  of  both  molecules  are  coupled  through  Fermi  resonance. 

The  Fermi  matrix  element  of  C02^55'  is  slightly  large  • than  that  ^f  N2Oi56) 
The  resonanc?.  mixing  between  the  levels  should  rende;  the  relaxation  pro- 
cess 100  — 0Z0  very  rapid. 

A number  of  investigators  have  attempted  to  measure  this  rate 
constant  in  COz.  Only  recently  (57)  have  there  been  suggestions  on  the 
consistent  interpretation  of  various  resaits(57- 60)  in  these  laser  prob- 
ing experiments,  the  9.  4-  and  10.  6-  /im  radiation  were  used  to  probe 
the  levels  of  interest.  A number  of  relaxation  time  constants  were 
observed'.  • Bulthius  and  Ponsent57)  identified  a fast  rate  constant 

(-  3.  3xl0-3  /is-atm)  as  the  100  — 020  relaxation  and  a slow  rate  constant 
(~  0.  13  |:s-atm)  as  the  100  -*010  relaxation.  The  measured  Vj  ~*  v2 
relaxation  time  (-  0.  062  /is-atm)  in  this  work  has  been  interpreted  as  the 
100  — 020  transition.  In  view  of  the  C02  results,  it  is  quite  possible 
that  this  measured  relaxation  time  pertains  to  the  process  100  —010.  If 
the  100  — 020  process  of  N20  were  as  fast  as  that  of  CC>2,  the  time  reso- 
lution in  this  experiment  for  the  given  sensitivity  would  not  allow  the 
measurement  of  this  rate  constant.  An  absorption  experiment  using  an 
N?0  laser  operating  on  the  020  —001  transition  would  specifically  monitor 
the  020  level.  Experiments  of  this  type  would  serve  to  resolve  the  various 
possible  channels. 

B.  VIBRATIONAL  RELAXATION  OF  THE  NzO  Vj  MODE  BY  Ar,  N2, 
h2o  AND  NO 

1.  Introduction 


The  self- relaxation  of  the  mode  of  N20  was  investigated  first, 
because  of  its  important  effects  in  any  experiment  with  ^O.  This  section 
describes  an  investigation  of  the  effect  of  some  foreign  gases,  namely, 

Ar,  N2,  H20  and  NO  on  the  relaxation  of  the  mode  of  N20.  The  v2 
relaxation  by  Ar,  N2  and  H20  was  also  measured. 
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TABLE  VII 

EXPERIMENTAL  RESULTS 


Process 


V1  "*  VZ 


Translation 


Vvl 


r(fJ.s-atm) 


0.  062+20% 
1.3  + 10% 
2.  1 + 10% 


Reference 

1.  12 

53 

1.  96 

26 

1.  74 

27 

1.  84 

40 

P is  the  collision  orobability  calculated  from  measured  r'  s and  the 
collision  diameter  of  3.  85A. 


i .i  jli  p.  Ml. 


The  N?0-N2,  N20-H20  rates  are  important  in  the  propagation  of 
DF  chemical  laser  (3.  T 4m)  radiation  through  the  atmosphere.  A major 
absorber  of  this  radiation  is  N2O,  which  is  present  at  a concentration  of 
~ 0.  5 ppm.  (61)  The  N20-N20  self- relaxation  would  thus  be  negligible. 

The  absorbed  laser  energy  appears  as  translational  energy  mainly  due 
to  NzO-N2  and  N20-H20  collisions.  The  former  collision  pair  is  important 
since  N2  is  the  major  constituent  in  the  atmosphere,  while  the  importance 
of  the  latter  is  due  mainly  to  the  unique  property  of  water  vapor  as  an 
efficient  relaxer  of  other  molecules. 

The  N20-N0  relaxation  rate  was  investigated  due  to  the  possible 
presence  of  NO  in  the  N20  gas,  as  discussed  in  Section  IV  A.  The  NO 
V-T  self- relaxation  rate  constant  is  - 6 orders  of  magnitude  faster  than 
the  corresponding  CO  self- relaxation  rate,  while  the  intramolecular  V-V 
relaxation  is  comparable  to  CO.  (62)  In  this  work,  the  unusual  property  of 
NO  as  an  efficient  V-T  relaxer  will  be  examined  from  the  point  of  view  of 
its  effect  on  the  measured  N20  rate  constants. 

The  relaxations  under  study  are  the  V-V  exchange  process 


N20(vj)  + M 


NzO(v2)  + M 


and  the  V-T  process. 


N20(v2)  + M 


TTV2 


N20  + M 


(59) 


(60) 


2.  Experimental 

The  experimental  setup  used  is  as  described  in  Section  IV  A with 
the  addition  of  a water  vapor  feed-in  system  similar  to  that  of  Kung  and 
Center.  (63)  A schematic  of  this  system  is  shown  in  Fig.  16.  I he  incom- 
ing carrier  gas  was  divided  into  two  parallel  streams,  one  of  which  flowed 
through  the  water  bubbler  and  was  mixed  with  the  bypassed  carrier  gas 
flow.  Needle  valves  were  used  to  obtain  the  desired  total  pressure  and 
partial  pressure  of  water  vapor  in  the  mixture.  Needle  valve  3 was  heated 
to  prevent  possible  H20  condensation  during  the  expansion  through  the 
valve.  A Wallace- Tiernan  gauge  and  a Panametric  hygrometer  probe(  ) 
monitored  the  total  pressure  and  the  water  vapor  partial  pressure  in  the 
fluorescence  chamber.  The  fluorescence  measurements  commenced  only 
after  the  pressure  and  hygrometer  readings  were  constant  over  a l/2-hour 
duration.  The  flow  velocities  were  small  and  did  not  affect  the  pressure 
measurements.  The  hygrometer  probe  was  calibrated  against  a V alidyne 
diaphragm  gauge(65)  (Model  DP-0.  1 PSID)  which  in  turn  was  calibrated 
against  a cold  trapped  McLeod  gauge.  The  overall  uncertainty  in  the  water 
vapor  partial  pressure  measurement  was  - j^IO  percent,  as  reflec.ed  in  the 
scatter  of  the  calibration  curve  over  a range  of  0.  1 to  3 Torr.  Partial 
pressures  of  H20  over  the  range  of  0.  3 to  1.  6 Torr  were  used  in  this 
experiment. 
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The  N^O  1^(7.  8 (im)  fluorescence  was  monitored  by  a CuGe  detector 
(Santa  Barbara)  equipped  with  liquid  He-cooled  filter  (AA~5  to  8.  5 /im). 

Within  this  bandwidth  there  is  a possibility  of  interference  from  the  im- 
pending mode  of  water  vapor  (6.  3 /im)  due  to  the  comparable  band  strengths 
of  NzO  v y -mode  (268  ama"1  cm'2)(8)  and  H2O  v2-mode  (25°  ama_  • cm_<i).  too) 
Since  the  mole  fraction  of  H2O  vapor  used  in  this  experiment  was  less  than 
0.  07,  the  possible  presence  of  vibrationally  excited  H20  molecules  due  to 
the  V-V  exchange  between  N20  and  H2O  would  contribute  little  to  the  fluo- 
rescence signals. 

The  N20  gas  was  obtained  from  Matheson  with  a minimum  purity 
of  98  percent.  Some  premixed  NtO-N2  and  N20-Ar  mixtures  were  pur- 
chased hom  Mass  Oxygen(67)  witn  compositions  of  10.  2 percent  N20  in 
N2  and  9.  73  percent  N2O  in  Ar.  The  nominal  purities  were  99.  5 percent 
for  these  mixtures.  Mixtures  of  other  compositions  used  were  prepared  in 
a 2-liter  stainless  steel  chamber  v.  ith  either  N2  or  Ar  of  99.  995  percent 
nominal  purity.  The  NO  gas  used  v.as  obtained  from  Matheson  and  was 
purified  in  an  acetone  slush  bath,  thus  separating  out  tne  NO^  impurity. 


3,  Results 


The  fluorescence  (7.  8 //. m,  v . mode)  decay  time  constants  of  vari- 
ous mixtures  were  measured.  The  decay  time  constants  of  N20-M 

collisions  were  reduced  from  the  Eq.  (61)' 


l 

r 


S°  + ,*M 

rNzO  rM 


(61) 


where  r and  rN  Q are,  respectively, 
relaxation  time  constant  of  pure  N20. 
mole  fractions  of  N20  and  M gases. 


the  measured 
^N20  and  ^M 


time  constant  and  the 
are  the  respective 


Two  distinct  time  constants  w re  observed  in  all  cases  except 
for  NO.  The  short  rs  and  long  - ^ time  constants  are  attributed  to  the 
V-V  and  V-T  relaxation  processes,  respectively. 


a.  N20-Ar  and  ^O-N^  Mixtures 

The  V-V  relaxation  time  constants  were  obtained  from  the  slopes 
of  the  l/ T vs  pressure  plot  for  the  9.  73  percent  N£0  in  Ar  and  10.  2 percent 
N20  in  N2  mixtures  as  shown  in  Fig.  17(a)  and  (b).  The  slopes  yielded 
time  constants  of  0.  13  and  0.  10  gs-atm  for  Ar  and  N?  mixtures,  respec- 
tively. Using  Eq.  (61),  the  short  time  constants  for  N20-Ar  and  N20-N2 
collisions  were  found  to  be  0.  19  and  0.  13  gs-atm,  respectively. 

The  V-T  relaxation  results  for  a number  of  runs  are  listed  in 
Table  VIII  for  the  N20-N2  and  N20-Ar  mixtures.  The  average  values 
of  the  long  time  constants  are,  respectively,  6.  72  and  0,  97  gis-atm  for 
the  N2Q-Ar  and  N2Q-N2  collisions. 
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9.73  % N20-Ar 


pT  = 0.13/xs-atm 

( pr)Ar  = 0.19/i.s-atm 


0.8  h 10  2%  N20-N2 


x L pr  = o.iOfts-atm 
( pT)Ng  = 0.13/xs-atm 


PRESSURE  (rorr) 


(a)  Short  Time  Constant  (V-V)  Measurements  of  9.  73  Percent 
N20  in  Ar  Mixture.  Plot  of  l/r  vs  Pressure 

(b)  Short  Time  Constant  (V-V)  Measurements  of  10.  2 Percent 
N-.0  in  N,  Mixture.  Plot  of  l/r  vs  Pressure 


TABLE  VIII 

Ar  AND  Nz  V-T  RELAXATION  RESULTS 


p 

orr) 

+NzO 

P T 

(jl  s-atm) 

TAr 

(fl  s-atm) 

P 

(Torr) 

s° 

P T 

( |is-atm) 

^2 

00 

0.097 

3.68 

6.90 

98.0 

0.102 

0.91 

0.94 

60 

0.082 

3. 96 

6.62 

68.5 

0.102 

0.97 

1 . 01 

00 

0.050 

4.72 

6.63 

45.7 

0.  20 

0.91 

0.97 

89.9 

0.  20 

0.91 

0.97 

Average 

6.72 

0.97 

_+ 

+ 

3% 

3% 

b.  N2O-H2O  Mixtures 

Thv.  V-V  time  constant  r of  ^O-H^O  collisions  was  measured  at 
~ 10  Torr  N2O  pressure  and  various  mole  fractions  of  H^O.  The  results 
are  plotted  as  1/t  vs  4^  Q in  Fig.  18(a).  A straight  line  was  drawn 

through  the  data  and  macffe  to  pass  through  the  previously  measured  value 
for  pure  N20  at  4^  Q = 0.  A similar  plot  for  the  long  time  constant  is 

displayed  in  Fig.  18(b).  The  slopes  yield  (1/tH2q"  1/TN20^'  S’  fr°m  which 

T t_j  q's  of  1.  5 x 10’^  and  5,  2 x 10“3  jj.  s-atm  are  obtained,  respectively,  for 
the^short  and  long-time  constants.  The  large  scatter,  especially  in  the 
°hort  time  constant  results,  was  due  mainly  to  S/N  and  time  resolution 
limitations . This  is  evident  in  the  fluorescence  scan  shown  in  Fig.  19. 


c.  N^O-NO  Mixtures 

The  results  of  the  effect  of  NO  on  the  N^O  long  time  constant  fluo- 
rescence are  shown  in  Fig.  20.  The  measured  time  constant  is  0.  031  gs-atm. 

It  was  shown  in  Section  IV.  A that  the  measured  relaxation  times  can 
be  related  to  those  of  the  lowest  levels  through  the  relationships 


r12  = 2 Ts  (5°) 


C2 

TVT2  " 2 T£  C l + C 2 (L,1) 

where  C-  is  the  specific  heat  capacity  of  mode  i.  The  ratio 

was  shown  to  be  - 0.  9 +g-  gg  . Equations  (50)  and  (51)  hold  under  the 

condition  that  the  100  -~00J  transitior  is  optically  thick  through  a cold 
gas  layer.  The  estimated  optical  depth  is  > 10  as  calculated  from  the  band 
strength  values  of  McClatchey  et  al.  (®) 

The  results  of  the  present  investigation  along  with  other  related 
works  are  listed  in  Table  IX.  The  errors  quoted  in  Table  IX  result  from 
(a)  uncertainty  of  pure  measurements  propagated  through  Er.  (61) 

(V-V,  < 10%;  V-T,  - 0);  (b)  errors  from  individual  measurements  (H 

(HzO  V-V,  < + 40%;  N2  and  Ar  V-V,  < + 20%;  t^O  V-T  < + 15%; 

N?andAr  V-T  < + 5%);  (c)  uncertainty  in  the  estimate  of  the  specific  heat 
ratio  (V-T  ~ + 1(3%). 

4.  Discussion 


No  other  measurement  of  the  N2O  v.  -*•  v~  relaxation  by  foreign 
gases  is  available  for  comparison.  The  V-T  relaxation  of  the  v ^ mode 
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(a)  Short  Time  Constant  (V-V)  Measurements  of  N7O  - H2O 

Mixtures.  Plot  of  l/pT  vs  Mole  Fractions  ofH20(XH  n) 


Long  Time  Constant  (V-T)  Measurements  of  N^O  - 
Mixtures.  Plot  of  l/pT^  vs  (xh  q) 
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Fig.  19  Fluorescence  Scan  at  7.8  fjLtn  for  a N20  - H^O  Mixture 


N^O  + H20  = 9.6  Torr 


HzO  = 0.61  Torr 


Scan  = 20  min 
Aperture  = 0. 36  (is 
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TABLE  IX 


EXPERIMENTAL  RESULTS 


Process 


Collision 

Partner 


(jl  s-  atm) 


0.062  + 20% 

0.  38  + 30% 

0.  26  + 30% 

3.0  x 10-  3 + 50% 


1/280 
1/1800 
1/1200 
l/l  5 


1.  3+  10% 
12.  1 + 15% 


1.75+  15% 

9.4  x 10"3  + 25% 


1/5900  1.2(1 


1/5.4  x 
104 

1/7900 

l/47 


6 . 0 ( 


1 . 50 


0. 062 


(a)  P is  the  collision  probability  calculated  from  measured  T1  s and 
the  collision  diameters  of  Hir schfelder , Curtis  and  Bird.  ( 

(b)  Ref.  (53). 


M 
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has  been  measured  by  Heutz,  et  al.  , using  the  impact  tube  method. 

Their  results  on  N2O  and  N2  agree  very  well  with  the  results  of  this  work. 
Their  Ar  rate  constant  is  a factor  of  two  iarger  than  that  measured  here. 
There  is  ro  obvious  reason  for  this  discrepancy. 

The  comparable  efficiency  of  Ar  and  N2  in  quenching  the  N2 
y^-mode  is  in  direct  contrast  to  the  quenching  of  the  V3~mode.  Ya 
found  N2  to  be  a factor  of  60  more  efficient  than  Ar  in  relaxing  the  N2O 
(00°1)  level.  This  was  attributed  to  the  ne.  r resonant  V-V  exchange 
(AE-  100  cm"*)  between  ^0(00°  1 ) and  N2  vibration.  Tong-range  dipole- 
quadruple  forces  were  suggested  as  the  dominant  interaction  in  the  latter 
system.  The  results  on  hbjO  Vj  relaxation  suggests  that  the  quenching  rate 
is  not  strongly  dependent  on  the  inert  collision  partner  in  the  presence  of 
strong  Fermi  resonance  interaction  between  the,  y _ y^  modes.  The 
apparent  resonance  between  N2O  ( 1 2°0)  and  N2(  1 ) \ AE  - 131  cm-*)  and 
N20(04°0)  and  h^OMAE-  10  cm-*)  do  not  seem  to  enhance  the  N?  quench- 
ing rate  on  N2O.  Although  the  populations  of  the  (12^0)  and  (04^6)  levels 
in  the  present  experiment  are  probably  too  small  to  realize  the  effects  of 
these  V-V  coupling  channels,  the  multi-quantum  change  involved  in  these 
processes  undoubtedly  would  yield  very  small  transition  probabilities. 

The  factor  of  ~ 5 faster  V-V  exchange  between  N2O-N2O  as  com- 
pared to  N?0-N2(Ar)  collisions  can  be  attributed  to  the  available  vibra- 
tional energy  exchanges  between  colliding  pairs  not  available  to  the 
N20-N^(Ar)  pairs. 

H^O  is  an  extremely  efficient  relaxer  of  both  the  V-V  and  V-T 
processes  as  indicated  by  the  measured  rate  constants.  Since  CO^  and 
N^O  are  very  similar,  a comparison  of  their  relaxation  rate  ii  illuminat- 
ing. The  quenching  of  CO^  (v~)  by  *^2^  re0uires  about  20  collisions.  \'3') 
Widom  and  Bauer( '(*)  suggest  that  this  rapid  relaxation  may  be  due  to 
the  chemcial  interaction  between  h^O  and  CO2  through  the  carbonic  acid 
molecule  H2  CO-,.  Sharma^*)  suggests  that  multipolar  interaction  is 
responsible  for  fhe  rapid  quenching  rate  of  002^2)  by  H2O.  Both  theories 
yield  reasonable  agreement  with  experimental  results.  (71)  However,  the 
latter  explanation  suggests  that  the  N20(v2)-H20  quenching  rate  should 
be  comparable  to  that  of  C02(v2)-H20,  while  the  former  suggestion 
would  predict  a large  difference  in  the  relaxation  rate,  since  no  known 
chemical  complex  of  ^O-^O  exists.  The  results  of  the  present  work 
tend  to  support  Sharma' s theory. 

The  N2O-NO  relaxation  rate  constant  was  measured  in  order  to 
shed  some  light  on  the  effect  of  NO  present  as  an  impurity  in  the  N2O  gas. 
A close  examination  of  the  fluorescence  scans  of  a mixture  of  N2O-NO 
indicated  that  in  the  pure  N2O  long  time  constant  relaxation  region,  two 
time  constants  appeared  by  the  addition  of  NO;  a short  time  constant 
(as  plotted  in  Fig.  20)  and  a long  time  constant  characteristic  of  the  pure 
N2O  V-T  relaxation  time.  This  implies  that  the  observed  N2O-NO  relaxa- 
tion time  is  not  a V-T  process.  A perusal  of  the  energy  levels  of  N2O 
and  NO  immediately  suggests  that  the  observed  quenching  rate  may  be 
a result  of  the  V-V  coupling  process. 


rdley(^) 
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N 0(11*0)  + NO  -C  N20(000)  + NO(l)  AE  = 4 cm"1.  (62) 

Since  N20(1  1 1 0)  is  present  only  after  the  equilibration  of  the  ' v? 
mode,  process  (62),  initially  competes  with  process  (6G),  followed  hy 
the  V-T  relaxation  of  the  whole  vibrational  manifold  through  the  latter 
process.  The  rate  constant  of  process  (62)  cannot  be  simply  related 
to  the  measured  value  of  Fig.  20  because  the  N20(lllQ)  level  was  not 
directly  monitored.  Since  the  fluorescence  is  from  the  2”)0— ■ 100  transi- 
tion, the  drain  on  the  (11^0)  level  through  process  (62)  is  reflected  through 
the  reshuffling  of  energy  in  the  - v2  mode.  For  1 / rc  > 1 / T j2  (where 
Tl2  is  the  V-V  quenching  time  constant  of  pure  N^O),  the  measured  quench- 
ing rate  constant  due  to  the  drain  of  process  (62)  is  just  l/r^?.  ^ the 

agreement  between  the  measured  relaxation  time  constant  in  N20-NO 
mixtures  and  i9  not  fortuitous,  the  above  interpretation  suggests 

that  r < 6 x 10~2  jis-atm.  This  time  constant  cannot  be  directly  measur- 
ed in  the  present  system. 

The  presence  of  a small  impurity  level  of  NO  in  the  N20  ga°  would 
cause  a small  perturbation  of  the  V-T  relaxation  time  of  N20.  For  a 
possible  maximum  NO  impurity  level  of  0.  5 percent  at  most  a 10  percent 
change  results  in  the  measured  V-T  relaxation  times.  The  effect  of  NO 
on  the  V-V  quenching  of  N?0  was  not  measured  and  is  not  expected  to 
influence  the  measured  V-v  rates. 

According  to  Section  IV.  A,  the  V -V  relaxation  process  can  be 
interpreted  as  either 

1 0°0  + M — ■ 02£0  1 M 
or  10°0  + M — 01  *0  + M . 


In  the  atmosphere,  the  DF  laser  excited  N20  (200)  molecules  would  not 
be  equilibrated  within  the  v,  mode  due  to  the  extremely  low  N20  con- 
centration. Under  this  condition,  the  dominant  quenching  out  of  the 
(200)  level  would  be  the  processes 


(20°)  + M — (12^0)  + M 
— — (11  1 0 ) + M 


It  was  not  possible  to  measure  these  rates  directly  in  this  experiment, 
since  tie  increased  signal  due  to  foreign  gas  broadening  is  offset  by  the 


reasonably  large  V-V  quenching  rates  of  the  respective  foreign  gases. 


The  rate  constant  for  these  processes  can  be  evaluated  through  the 
Landau-Teller  probability  relationship s(^4) 
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V. 


RESULTS 


In  order  to  properly  assess  the  thermal  response  of  the  atmosphere 
to  high-power  CO  and  DF  laser  pulses,  it  is  necessary  to  survey  wide 
variations  in  atmospheric  properties,  especially  humidity,  and  laser 
parameters.  The  situation  is  particularly  complicated  in  the  case  of  DF, 
since  the  various  laser  lines  are  absorbed  by  different  species  and  produce 
a different  response  in  the  atmosphere.  Consequently,  a complete  survey 
would  generate  an  enormous  amount  of  data  which  would  be  difficult,  at 
best,  for  the  reader  to  absorb.  For  this  reason,  as  well  as  limitations  in 
time  and  money,  the  calculations  have  been  limited  to  a few  representative 
atmospheric  models.  In  addition,  the  most  important  features  of  the  at- 
mospheric response  have  been  parameterized  in  a well-defined  fashion  so 
that  these  parameters  can  be  simply  summarized  rather  compactly  in 
tables.  These  ideas  are  discussed  in  the  following  paragraphs,  and  the 
results  are  presented  at  the  end  of  this,  section. 

The  properties  of  the  atmosphere  have  been  widely  studied.  On  the 
basis  of  the  available  data,  five  model  atmospheres  have  been  proposed 
corresponding  to  tropical,  mid-latitude  summer,  mid-latitude  winter,  sub- 
arctic summer  and  sub-arctic  winter  conditions.  The  properties  of  these 
model  atmospheres  are  summarized  as  a function  of  altitude  by  McClatchy, 
et  al.  Most  of  the  species  of  importance  for  infrared  laser  propagation 
are  uniformly  distributed  throughout  the  atmosphere  in  the  concentrations 
listed  in  Table  X.  The  concentration  of  water  vapor,  however,  varies 
widely.  To  represent  the  variations  expected  at  sea  level,  calcuations 
have  been  performed  for  the  two  model  atmospheres  summarized  in 
Table  XI.  The  high  humidity  case  corresponds  to  tropical  conditions 
(approximately  80  % relative  humidity).  The  low  humidity  case  corre- 
sponds to  "desert  conditions"  (about  8 % relative  humidity).  The  contri- 
butions of  the  various  species  to  the  equilibrium  absorption  coefficients 
at  a number  of  CO  and  DF  laser  wavelengths  are  summarized  in  Table  XII 
for  these  two  atmospheric  conditions. 

The  thermal  response  of  the  atmosphere  to  a typical  laser  pulse  is 
shown  in  Fig.  21  where  the  temperature  rise  AT  is  plotted  as  a function  of 
the  time  t.  The  laser  pulse  in  this  case  is  switched  on  at  t = 0 and  remains 
constant  thereafter.  Af  early  times,  the  heating  rate  goes  through  an  un- 
steady period  while  the  vibrational  degrees  of  freedom  of  the  molecules 
relax  to  a steady  state  with  the  laser  radiation.  During  the  unsteady  period, 
the  temperature  rise  is  a fairly  complicated  function  of  the  time  and  may 
even  be  negative  as  in  the  case  of  CO2.  At  the  end  of  the  unsteady  period, 
the  rate  of  temperature  rise  asymptotically  approaches  a steady  value 
(dT/dt)s.  The  duration  of  the  unsteady  period  will  be  referred  to  as  the  re- 
laxation time,  rRi  defined  as  shown  in  Fig.  21.  Both  7-R  and(dT/dt)s  depend 
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TABLE  X 

COMPOSITION  OF  THE  ATMOSPHERE 


Concentration 

Specie  s 

(Mole  F raction) 

N2 

7.  9 x 10" 1 

°2 

2.  1 x 10"1 

C°2 

3.  3 x 10‘4 

N2° 

2.  8 x 10"7 

CO 

7.  5 x 10"8 

CH4 

1.  6 x 10  8 

H2° 

Variable 

TABLE  XI 

MODEL  ATMOSPHERES 


Temperature 


High  Humidity- 
Low  Humidity 


Pressure 


1.  013 
1.  013 


Water  Vapor 
(Mole  F raction) 


2.  6 x 10 
2.  6 x 10"3 


TABLE  XII  (C) 

COEFFICIENTS  FOR  THE  ABSORPTION  OF  CO  LASER  RADIATION 
BY  ATMOSPHERIC  WATER  VAPOR  AT  SEA  LEVEL  FOR  HIGH  HUMIDITY 
(20  TORR  WATER  VAPOR)  AND  LOW  HUMIDITY  (2  TORR  WATER  VAPOR) 

CASES 


Laser 
T ransition 

2P(8) 

2P(9) 

2P(  1 5) 

3P(  10) 

3P(  1 5) 

3P(  1 6) 

4P(8) 

4P(9) 

4P(  15) 

5P(9) 

6P(9) 


High  Humidity 
a (km"  M 

0.  31 

0.  28 

0.  34 

0.  60 

0.  4? 

1.  60 
0.  47 
0.  48 
0.  73 

0.  87 

1.  00 


Low  Humidity 
a (km"  M 


GP(  1 0) 


1.  13 


TIME(ms) 


Thermal  Response  of  the  Atmosphere  to  DF  Laser  Radiation 
(105w/cm2  on  the  3 P(9)  Transition)  urder  Sea  Level,  Low 
Humidity  Conditions 


upon  the  laser  flux  I.  Some  typical  results  for  the  dependence  of  the  heating 
rate  on  the  laser  intensity  are  shown  in  Fig.  22.  At  low  values  of  the  laser 
intensity,  vibrational  degrees  of  freedom  are  not  perturbed  too  far  from 
equilibrium.  The  heating  rate  is  therefore  given  by  the  expression 


where  a is  the  equilibrium  absorption  coefficient,  p is  the  density  and  c is 
the  specific  heat  of  the  gas.  At  sufficiently  high  laser  intensities,  however, 
the  absorber  becomes  bleached.  Under  these  conditions,  the  rate  of  ab- 
sorption is  controlled  not  by  the  laser  intensity,  but  by  the  rate  at  which 
the  absorbing  species  can  relax.  Thus  the  heating  of  the  laser  intensity. 

The  bleaching  intensity  lg  at  which  these  effects  become  important  is  de- 
fined as  shown  in  Fig.  22. 

To  indicate  the  importance  of  thermal  heating  on  laser  propagation 
through  the  atmosphere,  it  is  useful  to  introduce  two  further  parameters. 
For  laser  intensities  below  the  bleaching  flux  Ig,  the  important  parameter 
is  Ep,  the  total  laser  pulse  energy  per  unit  area  at  which  thermal  distortion 
effects  become  important.  For  high  laser  intensities  in  excess  of  Ig,  the 
important  parameter  is  Atp,  the  pulse  length  at  which  thermal  distortion 
effects  become  important.  In  general,  thermal  distortion  becomes  im- 
portant when  the  phase  shift  in  the  laser  wavefront  is  of  the  order  of  unity, 
that  is  when  the  change  in  the  optical  path  length  is  of  the  order  of 
Mathematically,  this  is  expressed  by  the  formula 

L 

27 tJ  (n  - 1 ) dx  = O (X),  (64) 

O 

where  x is  the  distance  along  the  ray,  n is  the  local  index  of  refraction 
of  the  atmosphere  and  L,  is  the  distance  to  the  target.  If  we  assume  uni- 
form conditions  between  the  source  and  the  target,  the  threshold  tempera- 
ture rise  at  which  optical  distortion  becomes  important  is  given  by  the 
expression 


AT 


X T _ E (absorbed) 
2iL  n - 1 0c 

P 


(65) 


where  E (absorbed)  is  the  laser  energy  absorbed  per  unit  volume,  p is  the 
atmospheric  density  and  Cp  is  the  specific  heat.  At  low  laser  intensities 
be'ow  the  threshold  for  bleaching,  the  absorbed  laser  energy  is  given  by 
the  expression 


( 66) 


E (absorbed)  = a I At 


a E (laser) , 


ASYMPTOTIC  HEATING 


where  a is  the  equilibrium  absorption  coefficient  and  E (laser)  is  the  laser 
pulse  energy  per  unit  area.  The  ser  pulse  energy  per  unit  area  at  which 
distortion  effects  become  important  is  therefore  given  by  the  expression 


E 


P 


Ecp  AT 

n ‘ 1 2 jraL 


(67) 


In  commonly  used  units,  this  expression  becomes 


Ep  (j/cm“) 


9 x 10~ 5 MMrn)  T (°Kj  ^ 
a L 


(69) 


For  high  laser  intensities  above  the  bleaching  intensity  Ig,  the  absorbed 
energy  is  given  by  the  expression 

E (absorbed)  = Q t.  (68) 


The  laser  pulse  duration  at  which  distortion  effects  become  mportant  is 
therefore  given  by  the  expression 


At, 


P c 

—E. 

n - 1 


XT 

27rIB  a L 


(69) 


In  commonly  used  units  this  corresponds  to  the  expression 

. . „ _-5  X (urn)  T (°K) 

At„(fJ.s)  = 9x10  ^ — L y-± — 

^ T (MW /cm'  ) aL 

b 


(69) 


Calculated  values  of  the  relaxation  time  rR,  bleaching  flue  Ig, 
threshold  pulse  energy  Ep  and  threshold  pulse  length  Atp  for  DF  and  CO 
lasers  are  presented  in  Table  XIII.  The  relaxation  time  TR  has  been 
computed  only  for  the  low-intensity  case.  At  high  intensities,  however, 
the  relaxation  time  should  be  comparable,  since  it  is  principally  a function 
of  the  molecular  relaxation  times.  In  some  cases,  where  the  relaxation 
time  was  very  short,  it  was  difficult  to  extract  the  relaxation  time  from 
the  computed  temperature  time  histories  due  to  truncation  and  round-off 
errors  in  the  computer  results.  A better  way  to  establish  these  relaxation 
times  would  be  to  linearize  the  vibrational  relaxation  equations  and  solve 
them  analytically  in  terms  of  the  eigenvalues  and  eigenfunctions  of  the  set 
of  relaxation  equations.  For  the  present,  it  was  not  necessary  to  do  this, 
since  such  short  relaxation  times  are  not  of  practical  interest. 
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VI.  SUMMARY 


The  DF  chemical  laser  at  3.  9 pm  operates  in  a good  atmospheric 
window,  i.  e.  , there  are  no  major  atmospheric  absorbers  at  this  wave- 
length. The  absorption  of  DF  radiation  by  the  atmosphere  is  dominated 
by  a number  of  small  weak  absorbers.  The  situation  is  complicated  by 
the  fact  that  different  laser  lines  are  absorbed  by  different  absorbers. 

For  purposes  of  the  present  calculations,  the  eight  strongest  lines  of  a 
pulsed  DF  laser  were  chosen.  The  strongest  lines  of  a CW  laser  may  be 
different,  but  the  absorption  will  be  due  to  the  same  group  of  molecules. 

The  kinetics  of  CO  laser  absorption  are  simpler  since  there  is  only 
one  important  absorber,  namely  water  vapor.  Twelve  laser  lines  from 
the  vibrational  levels  2 to  6 were  chosen.  These  are  characteristic  of 
larger,  high-gain  lasers  and  propagate  better  than  the  longer  wavelength 
transitions  originating  from  higher  vibrational  levels  in  smaller,  lower- 
gain  CO  lasers  and  are  therefore  of  more  interest  for  high-power  appli- 
cations. The  principal  absorbers  fox  DF  radiation  include  (cc  llision- 
induced  fundamental),  FRO  (combination  and  overtone  bands),  CO^  (v-j 
fundamental  band),  CH  . (overtone  and  combination  bands),  H.,0  and 
HDO.  The  magnitude  of  the  absorption  by  the  latter  two  species  as  well 
as  the  precise  vibrational  assignments  of  the  absorbing  transitions,  is 
a matter  of  some  controversy  in  the  literature.  Since  these  species 
provide  the  largest  amount  of  absorption  for  some  DF  lines,  this  un- 
certainty probably  represents  the  greatest  uncertainty  in  the  results. 

Both  the  vibrational  and  rotational  kinetics  of  these  absorbers  have 
been  studied.  The  effects  of  kinetics  manifest  themselves  in  the  form 
of  transients  in  the  heating  rate  at  the  beginning  of  the  laser  pulse  and  in 
the  form  of  bleaching  at  high  laser  fluxes.  Rotational  relaxation  is,  ot 
course,  much  too  fast  to  give  rise  to  transients  of  interest  for  high-power 
lasers.  Bleaching  was  studied  in  more  detail.  The  results  show  that 
although  rotational  bleaching  may  be  important  for  some  lasers,  it  is  not 
important  for  CO  or  DF  lasers  at  intensities  below  about  10^  W/cm^.  The 
vibrational  relaxation  of  the  absorbing  species  has  been  studied  in  con- 
siderable detail  using  a computer  model.  Mott  of  the  :mportant  vibrational 
relaxation  rates  were  known  from  experiments  described  in  the  open 
literature.  The  most  important  unknown  rates  were  those  for  the  relaxa- 
tion of  N^O  by  water.  These  were  measured  under  the  current  program 
using  a DF  laser  fluorescence  technique.  Two  important  assumptions 
were  made  in  constructing  the  model.  In  the  first  place,  certain  near- 
resonant  vibrational  levels  in  N^O,  CC^,  H~C  and  CH^  are  assumed  to  be 
in  equilibrium.  Evidence  accumulated  at  AERL  indicates  that  this  assump- 
tion is  good  in  N^O  and  H2O.  There  is  no  evidence  that  it  is  not  equally 
valid  for  the  other  species.  The  second  important  assumption  in  the  model 
involves  the  neglect  of  absorption  by  vibrationally  excited  molecules.  When 
the  absorbing  species  is  bleached,  the  number  of  molecules  in  the 
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vibrationally  excited  level  is  equal  to  the  number  of  molecules  in  the  ground 
state.  Consequently,  if  the  vibrationally  excited  molecules  have  absorbing 
transitions  to  higher  levels,  this  must  be  added  to  the  total  absorption  of 
the  gas.  Unfortunately,  nothing  is  known  about  absorption  transitions 
originating  from  the  excited  vibrational  levels,  and  it  was  necessary  to 
make  this  assumption  even  though  it  is  probably  in  error.  The  effect  of 
absorption  from  higher  levels  will  be  to  raise  the  intensity  at  which  the 
gas  bleaches.  Since  most  of  the  transitions  bleach  at  intensities  beyond 
those  of  interest,  the  error  is  of  no  consequence.  For  those  transitions 
which  bleach  at  intensities  of  interest,  the  bleaching  intensities  quoted 
must  bo  regarded  as  lower  bounds. 

Numerical  calculations  have  been  carried  out  for  two  model  atmos- 
pheres corresponding  to  sea  level,  high  humidity  and  sea  level,  low  humidity. 
The  results  for  CO  indicate  that  the  relaxation  time  during  which  transient 
non-steady  heating  occurs  is  generally  less  than  1 /is  and  thereforeof  no 
practical  interest.  The  laser  flux  at  which  bleaching  occurs  is  generally 
found  to  be  greater  than  10^  W/cm^  and  therefore,  again,  of  no  practical 
interest.  For  DF,  however,  the  kinetics  of  absorption  may  be  significant. 
Certain  of  the  lines,  specifically  those  for  which  the  collision- induced 
continuum  is  the  strongest  absorber,  show  relaxation  times  of  the  o/der  of 
milliseconds  under  conditions  of  low  humidity.  During  this  time,  the  heat- 
ing rate  is  less  than  the  equilibrium  heating  rate  since  the  absorbed  energy 
is  being  stored  in  nitrogen  vibrations.  No  kinetic  cooling  is  predicted.  For 
other  lines,  notably  those  for  which  N^O  is  the  principal  absorber,  bleach- 
ing fluxes  as  low  as  4 MW/cm^  are  predicted.  However,  as  noted  above, 
this  prediction  really  represents  a lower  bound  on  the  bleaching  intensity. 

It  will  be  necessary  to  do  further  experiments  to  determine  the  true 
bleaching  intensity. 
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APPENDIX  A 
PARTITION  FUNCTIONS 


1.  N2C  "States" 


Referred  to  the  elemental  chemical  species,  the  partition  function 
(Q)  for  a molecule  in  vibrational  level  (VjV^v^)  is  given  by  the  expression 


Q £ = exp(- AH  °/kT)Q(  T)Q(VR)£  , 

vlv2  v3  F vlv2  v3 


(A-  1 ) 


o o 

where  AH  is  the  heat  of  formation  of  0 K,  k is  Boltzmann  a constant 
and  T is  the  temperature.  The  transitional  partition  function  [ Q( T)  ] is 
given  by  the  expression 


Q(T)  (ZTrmkT/h2)"  2, 


(A-2) 


where  m is  the  molecular  mass  and  h is  Planck'  s constant.  According 
to  the  classical  rigid  rotor  approximation,  the  vibration- rotation  partitio.i 
function  [Q(^R)]  may  be  expressed 


Q<VR>£  = gD  kT/B  £ 
vlv2  v3  i vlv2  v3 


X exp 


[(.  i 

L\  V1V2  V2 


£2  - G £ , 

vlv2  v3 / 


) H 


(A  - 3 ) 


where  B £ is  the  rotational  constant  and  o £ is  the  vibrational 

Ziv2  v3  v!  ’>  v3 

energy.  The  Vibrational  degeneracy  is  given  by  the  formula 


g£  - 1 for  £ = 0, 

= 2 otherwise. 


(A-4) 


“87- 


PKECfiDIiG  P3TS  BLANKS  I OT  FILMED 


*r 


•*.V  ' 


When  the  vibrational  levels  are  grouped  into  closely  coupled  "states'  , 
we  obtain  the  following  partition  functions: 


r 


Qo  Qoo°o 


Q = Q 

1 w01' 


(A-5a) 

(A-5b) 


Q2  " Q02C04"Q0220  + Q100 


Q3  " °03'  0+Q0330+Ql  1' 0 


(A-5c) 

(A-5d) 


°4  " Q04°0+Q0420+Q0440 


+ Q12°0+Q1220+Q20°0 


(A-5e) 


2.  CH  . "States" 
i-__ 

Referrei  to  the  elemental  chemical  species,  the  partition  function 
for  a molecule  in  vibrational  level  (V^V^V3V4)  given  by  the  expression 


Q — exp  i "tuip 

V1V2V3V4  F 


(-£H°/kT)  Q*T’q  *VR) 

* I*  • ' \T  \T  \ 


V1V2V3V4 


(A-6) 


where  AH  ° is  the  heat  of  formation  of  0°K,  k is  Boltzmann'  s constant 
and  T is  the  temperature.  The  translational  partition  function  is  given 
by  the  expression 


Q<T)  = (2tt  mkT/h2)3/2 


(A-7) 


where  m is  the  molecular  mass  and  h is  Planck'  s constant.  To  calculate 
the  vibration- rotation  partition  unction  we  ignore  the  fine  multiplet  split- 
ting of  the  mtercombination  levels,  and  neglect  vibration- rotation  inter- 
action. The  vibration-rotation  partition  function  may  then  be  expressed 


n(VR)  j\ 

V1V2V3V4  ' 12  W 


3/2 


exp 


'V1V2V3V4\ 


kT 


/ 


(A-8) 


where  B = 5.  24059  cm"*  is  the  rotational  constant  and  v v v is  the 
vibrational  energy.  The  vibrational  degeneracy  is  given  lly^he  formula 


-88- 


(A-9) 


gv  = \ (V2+U  (v4+l)  (v4+2)  (v3+1)  (v3+2); 

and  the  factor  12  accounts  for  the  rotational  symmetry. 

When  the  vibrational  levels  are  grouped  into  closely  coupled 
we  obtain  the  following  partition  functions: 

Q0  = Q0000 

Q1  = Q0001  + Q0100 

Q = O -tO  + Q 

2 w0002  0101  0200 

+ Q1000  + Q0010 
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APPENDIX  B 


SUMMARY  OF  VIBRATIONAL  RELAXATION  PROCESSES  AND  RATES 


Rate  k 

Process  (cmV  sec) 


(1) 

N2(7=l)  + HzO  — N2(v=0)  + HzO 

3.  6x1 0”  1 5 

(2) 

N2(v=1)  + Nz  — N2(v=0)  + N2 

-24 

2.  5x10 

(3) 

N2(v=1)  + Oz  — N2(v=0)  + Oz 

2.  5x1  O' 24 

(4) 

N2(v=1)  + O2(v=0)  —N2(v=0)  + Oz(v=l) 

1.  6x10*  18 

(5) 

00^(001)  + N2(v=0)  — co2(ooo)  + N2(v=1) 

- 1 3 

5.  4x10 

(6) 

CO2(001)  + HzO  — C02(030)  + HzO 

- 13 

4.  3x10 

(7) 

CO2(001)  + N2  — C02(030)  + N2 

-15 

1.  9x10 

(8) 

CO2(001)  + Oz  — cp2(030)  + o2 

-15 

1.  9x10 

(9) 

CC/.001)  + C02  — C02(030)  + co2 

- 1 5 

4. 2x10  10 

(10) 

C02(00  1)  + H20  — C02(000)  + HzO 

-15 

4.  2x10 

(ID 

C02(030)  + C02(000)  — C02(020)  + CO2(010) 

1.  0x10" 1 1 

(12) 

C02(020)  + C02(000)  — CO2(010)  + CO2(010) 

6. 9xl0"12 

(13) 

CO2(100)  + M —C02(020)  + M 

1.  0x1 0- 1 ° 

(14) 

CO2(010)  + H20  — C02(000)  + h2o 

1.  8xl0_1 1 

(15) 

COU020)  + H,0  — CO, (010)  + H-O 

L L L L 

3. 6x10" 1 1 

(16) 

C02(030)  + H20  — C02(020)  + HzO 

5 4x1 0" 1 1 

(17) 

co2(oio)  + n2  — co2(ooo)  + n2 

- 1 5 

3.  8x10 

(18) 

C02(020)  + n2  — co2(oio)  + n2 

7.  6x1 0" * 5 

(19) 

C02(030)  + N2  — C02(020)  + N2 

-14 

1.  1x10 

(20) 

CO2(010)  +02  -*C02(000)  + o7 

- 1 5 

3.  8x10 
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preceding  pvge 
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Process 


co2(020)  + o2  — co2(oio)  + o2 

C02(030)  + 02  — • C02(030)  + 02 
co2(oio)  + co2  —C02(000)  + CO-, 
co2(020)  + co2  — co2(oio)  + co2 

C02(030)  + C02  — C02(020)  + C02 
H2O(010)  + HzO  — H?0{000)  + H2Q 
H20(020)  + HzO  — H2O(010)  + HzO 
H2O(010)  + N2  —H20(000)  + N2 
H20(020)  + N2  -H2O(010)  + N2 
H?C(010)  + 02  — H20(000)  + o2 
H20(020)  + 02  -H2O(910)  + 02 
H2O(010)  + O2(v=0)  — H20{000)  + 02(v=l) 
H20(020)  +O2(v=0)  — H2O(010)  + C>2(v=l) 
02(v=l)  + H20  -O2(v=0)  + H20 
02(v=l)  + N2  — O2(v=0)  + N2 
02(v=l)  + 02  —O2(v=0)  + 02 
02(v=l)  + CC9(000)  — O2(v=0)  + CO2(010) 
N2O(010)  + H20  - N20(000)  + h2o 
i N20(020)  + H20  — N2O(010)  + h2o 

I N20(030)  + H20  -N20(020)  + H20 

I N20(040)  + HzO  — N20(030)  + HzO 

| N2O(010)  + N2  - N20{000)  + N2 

) N20(020)  + N2  — N2  0(010)  + N2 

) N20(030)  + N2  — N20(020)  + N2 


7.  6x10' 


1.  1x10 


7.  2x10 


1 . 4x10' 


2.  2x10 


4.  2x10' 


8.  3x10 


6.  0x10-14 


. 2x10' 


2.  7x10 


5.  4x10 


1.  5x10' 


3.  0x10 


4.  3x10-' 


3.  6x10' 


3.  6x10' 
6.  6x1  0 


4.  3x10 


8.  6x10 


1 . 3x10 


1.  7x10' 


2.  0x10 


4.  0x10 


6.  0x10 
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Process 


R^te  k 
(cm  /sec) 


(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 
(61) 
(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

(68) 

(69) 


N20(040)  + N2  — N20(030)  4 N2 

n2o(oio)  + o2  — n2o(ooo)  + o2 
n2o(020)  + o2  — N20(010)  + o2 
N20(030)  4 Oz  — N20(020)  4 02 
N20(040)  102-  N20(030)  4 02 
H20\010)  + N20(000)  -H20(000)  4 N20(020) 
H20(010)  + N20(010)  — H20(000)  4 N20(030) 
H20(010)  + Nz0(020)  -H20(000)  + N20(040) 
Oz(v=l)  4 CH4(000l.)  — O2(v*0)  + CH4(0001) 
Oz(v=l)  4 CH4(0001)  -O2(v=0)  4 CH4(0002) 
H20(010)  4 CH4(0000)  -H20(000)  4 CH4(0001) 
H20(010)  4 CH4(0001)  — H2O(00(i)  4 CH4(0002) 
HDO(IOO)  4 H 20  — HDO{020)  4 HzO 
HDO(OIO)  4 H20(010)  -~HDO(OlO)  4 H20(000) 
HDO(OIO)  4 H20{010)  -HDO(020)  4 H20(000) 
HDO(OOO)  4 H20(020)  — HDO(OIO)  4 H20(010) 
HDO(OIO)  4 H20  — HDO(OOO)  4 H20 
H D0(020)  4 H20  — HDO(OIO)  4 H20 
HPO(OIO)  4 N2  -HDO(OOO)  4 N2 
H D0(020)  4 N2  — HDO(OIO)  4 N2 
HDO(OIO)  4 Oz  — HDO(OOO)  4 C>2 
H D0(020)  4 02  -*HDO(010)  4 Oz 
HDO(lOO)  4 N2(v=0)  -HDO(OOO)  4 N'2(v=l) 
Oz(v=l)  4 HDO(OOO)  — O2(v=0)  4 HDO(OIO) 
Oz(v=l)  4 HDO(OIO)  — O2(v=0)  4 HDO(020) 
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8.  0x10 


■ 14 


2.  0x10 


4.  0x10 


6.  Oxl  0 


-14 


8 0x10 


•14 


14 


•14 


1.  0x10 


1.  0x10 


-12 


• 12 


2.  0x10 
6.  0x10 


-12 


-13 


1.  2x10 


-12 


6.  4x10 
1.  3x10 


-11 


•10 


2.  0x10 


-10 


2.  0x10 


4.  0x10 
4.  0x10 
4.  2x10 
8.  3x10 
6.  Oxl 0 


-10 


•10 


10 


-11 


-11 


-14 


1.  2x10 

2.  7x10 
5.  4x10 
2.  0x10 


-13 


-15 


■15 


-13 


1.  0x10 

2.  0x10 


-12 


■12 


...  


- 


APPENDIX  C 

DETAILED  BALANCE  FOR  OPTICAL  TRANSITIONS 


We  consider  a molecule  N whose  manifold  of  internal  levels  may 
be  grouped  into  two  se^s  of  levels,  with  one  set  loosely  referred  to  as  the 
ground  state,  N°,  and  the  other  loosely  referred  to  as  the  excited  state 
N*.  The  total  populations  of  these  states  are 


N°  = £ N.,  (C-  la) 

i 

N*  = T N.,  (C- lb) 

t J 


where  N.  and  N.  are  the  populations  of  the  individual  levels  i and  j, 
respectively.  ^ We  shall  assume  that  rapid  collisional  p rocesses  keep 
the  relative  populations  of  the  levels  within  each  state  in  equilibrium  with 
each  other  at  the  temperature  T.  That  is, 


N.  = 


g.exp(-E./kT) 

Q° 


(C-  2a) 


g exp(-E  /kT)  + 

N.  = -J N , 

J Q 


(C-  2b) 


where  gx  and  g.  are  the  degeneracies  of  levels  i and  j,  respectively  and 
E and  E-  are  the  energies  (referred  to  the  same  zero)  of  level  i and  j, 
respectively,  and  k is  Boltzmann1  s constant.  The  partition  functions  are 
defined  by  the  expressions 


Q°(T)  = £ gi  exp(-E./kI), 
i 

(C-3a) 

Q*(T)  = X)  g;  exp(-E./kT). 
i J ** 

(C-  3b) 

3 


We  now  suppose  that  the  molecules  are  subjected  to  radiation  of  intensity 
1^  and  frequency  v,  where 


PRECEDING  PATE  BLAi  DC- TOT  FILMED 
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hv  = E.-E., 
J 1 


(C-4) 


and  h is  Planck1  s constant.  The  rate  of  induced  transitions  is  then 

N*  = - N°  = N.B..1  • N.B..I,  (C-5) 

i ij  J J1 

where  B..  and  B.  are  Einsteii  ' s coefficients  for  the  transitions  i— j and 
j— i,  respectively^.1  These  coe sfficients  satisfy  the  relation 


g.B. . = g.B. .. 
ij  8J  J* 


(C-  6) 


Substituting  Eqs.  (C-2),  (C-4)  and  (C-6)  into  Eq.  (C-5)  we  obtain  the  re- 
sult 


N 


* 


2-°  e-*"'/kTN* 

Q 


c 

f 


(C-7) 


where  the  flux  of  photons  is 


$ 

v 


(C-8) 


t 


and  the  absorption  cross  section  for  a ground  state  molecule  is  defined 
by  the  expression 


%i(T)c^- 


g exp(-E./kT) 


hvB. .. 


(C-9) 


It  should  be  noted  that  if  several  transiti  1 s are  absorbing  at  the  frequency 
v,  Eq.  (C-7)  may  be  used  simply  by  replacing  crvi  by  u v>  where 


a 


v 


(C-10) 


If  several  frequencies  v are  being  absorbed,  separate  equations  must 
be  written  for  each  frequency. 
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